Best 

Available 

Copy 


Shock  and  jibration 
Computer  Programs* 

Reviews  and  Summaries 


wiltqr/Prlk*y 

Barbara/Pilkey 


University  of  Virginia 


D D C 

lEC2!r3ILQE^ 

i * 

OCT  13  1976 

EBEinrciiJ 

D 


The  Shock  and  Vibration  Information  Canter 
United  States  Department  of  Defense 

DISTRIBUTION  STATEMENT  A lsj 

Approved  tax  public  release; 

Distribution  Unlimited 


g»  <r 


THE  SHOCK  ANO  VIBRATION  INFORMATION  CENTER 

Naval  Research  Laboratory 
Washington,  D.C. 


Henry  C.  Pusey,  Director 
Rudolph  H.  Volin 
J.  Gordan  Showalter 


\ 


Edited  and  produced  by  the  Technical  Information  Division 

Naval  Research  Laboratory 

Library  of  Congress  Catalogue  Card  No:  75-27337 

Contract  Number:  N00014-69-A-0060-0012 


The  Shock  and  Vibration  Monograph  Sariaa 


SVM-1  Random  Noise  and  Vibration  in  Space  Vehicles  - Lyon 

SVM-2  Theory  and  Practice  of  Cushion  Design  - Must  in 

SVM-3  Programming  and  Analysis  for  Digital  Time  Series  Data  - 
Enochson  and  Otnea 

SVM-4  Dynamics  of  Rotating  Shafts  - Loewy  and  Piarulll 

SVM-5  Principles  and  Techniques  of  Shock  Data  Analysis  -Kelly 
and  Rlchman 

SVM-6  Optimum  Shock  and  Vibration  Isolation  - Sevln  and  Pilkey 

SVM-7  Influence  of  Damping  In  Vibration  Isolation  - Ruzicka  and 
Derby 

SVM-8  Selection  and  Performance  of  Vibration  Tests  - Curtis, 
Tinting,  and  Absteln 

SVM-9  Equivalence  Techniques  for  Vibration  Testing  - Fackler 


PREFACE 


The  increasing  importance  of  computer  programs  to  the  shock  and 
vibration  community  underscores  the  need  to  gather  together  program 
capability  and  dissemination  information.  This  book  contains  critical 
reviews  and  summaries  of  available  shock  and  vibration  computer 
programs.  It  is  hoped  that  this  book  will  be  a valuable  tool  to  readers 
for  use  in  selecting  the  best  software  to  solve  their  problems. 

The  book  is  divided  into  two  sections.  In  the  first  section,  computer 
programs  suitable  for  particular  classes  of  problems  are  considered. 
Both  special  purpose  and  general  purpose  programs  are  included.  In 
all  cases,  considerable  care  has  been  given  to  providing  details  of  avail- 
ability of  the  programs. 

In  the  second  section  of  the  book,  the  capabilities  of  readily  available 
general  purpose  programs  are  treated.  The  methods  used  for  solving 
dynamics  problems  are  outlined  and  the  techniques  employed  for 
incorporating  various  material  properties  are  scrutinized.  Finally,  we 
attempt  to  discern  which  programs  are  the  most  appropriate  for  particular 
problems. 

Every  reasonable  effort  has  been  made  by  the  editors  to  assure 
completeness  of  the  reviews  and  summaries.  General  requests  for 
information  on  available  programs  were  distributed  through  the  mail, 
at  meetings,  and  were  placed  in  many  technical  journals.  In  addition, 
specific  requests  were  sent  to  names  supplied  by  the  authors.  The 
information  received  was  then  passed  on  to  the  appropriate  author. 
Final  decisions  as  to  the  contents  of  the  individual  chapters  rested  with 
the  authors  responsible  for  that  area. 

The  cooperation  of  the  authors  in  the  preparation  of  comprehensive 
chapters  is  greatly  appreciated.  Their  efforts  have  been  massive,  requiring 
the  collection  of  information  on  available  programs,  the  preparation  of 
questionnaires  for  program  developers  and  users,  the  critical  review  of 
the  programs'  descriptive  material  and  documentation,  and  the  verifica- 
tion of  sources  of  availability.  In  several  instances  the  authors  have  even 
applied  most  of  the  computer  programs  in  their  area  to  benchmark 
example  problems. 

We  appreciate  the  encouragement,  advice,  and  support  received 
from  the  Shock  and  Vibration  Information  Center  staff:  H.  C.  Pusey, 
R.  Belsheim,  R.  H.  Volin,  and  J.  G.  Showalter.  We  also  acknowledge 
the  help  we  received  from  S.  DeMasters,  D.  Bibb,  N.  Coleman,  J.  Hamm, 
J.  Hawkins,  M.  Thompson,  and  G.  Homer  at  the  University  of  Virginia. 
A very  special  word  of  thanks  goes  to  C.  Miller  and  L.Van  Oosting  of 
the  University  of  Virginia  who  spent  many  many  hours  applying  finishing 
touches  to  the  chapters. 

October  1975  Walter  and  Barbara  Pilkey 

Charlottesville,  Virginia 
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imtioduction 

Almost  all  ahock  and  vibration  computer  programs  daal  exclusively  with  ay  a tana 
conpoaed  of  marVsnlcal  alaaanta  repraaantlng  coapllanca,  lnartlal,  and  dlsal- 
pativa  af facta  In  structures.  Yat  many  practical  problana  Involve  Interact Iona 
aaong  aachanlcal,  hydraulic,  pnauaatlc,  magnetic,  electrical,  thermal  and  other 
typaa  of  alemanta  which  can  Interchange  energy.  Vibration  anglnaara  are  often 
understandably  reluctant  to  extend  thalr  analyaaa  vary  far  Into  unfamiliar 
energy  domalna,  but  thara  are  caaaa  in  which  tha  aaaanca  of  a ahock  or  vibra- 
tion problem  realdaa  In  tha  energy  tranaductlon  between  eome  energy  domain  and 
tha  mechanical  part  of  the  ayetem. 

In  principle,  even  the  alnpleat  air  auapanelona  or  hydraulic  or  pneumatic 
ahock  abeorbara  when  applied  to  vibration  control  problana  reault  In  multiple 
energy  domain  ayatema.  When  auch  davlcee  can  be  adequately  character  lied  by 
mechanical  coapllant  or  dlaalpatlva  nodele,  then  they  nay  be  aaally  Incorpo- 
rated Into  a standard  vibration  analyale.  However,  at  a more  detailed  level, 
tha  Internal  pressure  and  flow  variables  are  not  easy  to  predict  using  vibra- 
tion computer  codas. 

For  other  clasaea  of  problems,  It  la  very  difficult  to  use  a standard  vi- 
bration program  effectively.  Conalder,  for  example,  tha  oscillations  In  eya- 
tema  containing  electric  motors,  electrodynamic  or  elactrohydraullc  shakers, 
hydraulf : power  generating  equipment,  or  hydrostatic  drives.  Equipment  fail- 
ures In  such  ayataaw  may  properly  be  attributed  to  exceaalve  vibration,  but 
an  analyale  of  the  causa  of  the  vibration  requires  a general  type  of  ayetem 
atudy. 

Finally,  thara  la  tha  daaa  of  active  ahock  and  vibration  control  ayatema 
which  requires  a careful  analyale  of  tha  vibratory  system  and  the  dynamlca  of 
the  force  or  notion  control  effectors  before  a stable  and  effective  control 
atrategy  can  be  designed.  Such  systsne  almost  always  Involve  energy  trane- 
ductloo  from  the  senaora,  through  the  controller,  and  to  the  effectors.  With 
the  lowering  of  cost  of  the  signal  processing  equipment  which  eeena  to  be  a 
constant  factor  In  the  electronics  Industry,  It  la  likely  that  active  ayatema 
for  vibration  control  will  nova  from  aerospace  to  more  mundane  appllcatlona. 

For  this  class  of  system,  also,  most  vibration  conputar  programa  are  of  limit- 
ed utility  because  tha  servomechanism  components  Involved  are  not  easily  Incor- 
porated Into  the  analyale. 

BASIC  TYPES  OF  FBOGHAMS 

There  are  many  possible  waya  to  use  existing  computer  programa  to  aid  In  tha 
analysis  and  design  of  multiple  energy  domain  vibratory  systems.  Below,  sev- 
eral categories  of  programa  are  dlscuaaad  briefly  and  thalr  msrlta  for  tha 
type  of  systems  under  discussion  are  noted. 
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SHOCK  ANI)  VIBRATION  COMPUTER  PROGRAMS 


Equation  Integratare  and  Analyaara 

Thai*  prograaa,  which  ara  dlacuaaad  In  detail  alaawhara  In  Chla  volume,  ara 
extremely  varaatlle  alnca  they  require  only  a aat  of  aquationa  and  sake  no 
praauaptlona  about  the  type  of  ayataa  which  generated  the  aquationa.  On  the 
other  hand,  tha  prograaa  ara  of  no  help  in  aodallng  the  ayataa  or  in  deriv- 
ing the  aquationa  froa  the  ayataa  modal.  Relatively  aaall  atructural  or  pa- 
raaatrlc  changaa  In  tha  ayataa' a aatheaatlcal  modal  Bay  require  a tadloua  re- 
formulation of  the  ayataa  aquationa  before  tha  coaputer  can  ba  of  any  aid. 
Thie  fact  tanda  to  Halt  tha  uaafulnaaa  of  auch  prograaa  during  tha  dealgn 
phaae  of  a vibration  control  ayataa. 


Digital-Analog  Slaulatora 

Parta  of  certain  ayataaa  are  conveniently  daacrlbad  by  block  dlagraaa,  elgnal 
flow  grapha,  or  tranafar  functiona.  This  type  of  ayataa  deacrlptlon  la  par- 
ticularly convenient  whan  aoaa  coaponanta  function  aa  leolatlng  amplifier a ao 
that  back-affect  lntaractlona  between  coaponanta  can  ba  neglected.  Analog 
coaputera  ara  aulted  to  tha  atudy  of  auch  ayataaa  alnca  parametric  atudlea 
are  readily  accoapllahed  by  adjuatlng  potentiometer  knoba.  Digital  program 
which  accapt  tha  aaaa  aort  of  block  dlagraa  ayataa  deacrlptlon  required  for 
analog  conputara  are  available  and  have  the  advantage  that  tha  careful  acal- 
lng  necaaaary  bacauae  of  tha  analog  coaputer' a relatively  aaall  dynamic  range 
la  not  necaaaary. 

Generally,  digital  prograaa  coat  aora  to  run  than  analog  coaputer  pro- 
gram, but  the  aet-up  and  debugging  elm  for  the  analog  coaputer  can  be  large. 
A aora  baalc  problaa  la  that  for  mat  ahock  and  vibration  problem,  tha  gen- 
eration of  tha  block  dlagraa  ayataa  aodel  requlrea  a good  deal  of  hurnn  aklll 
and  tlae.  Thie  la  bacauae  large  parte  of  mat  ayataaa  contain  no  leolatlng 
aapllflara  ao  that  back-affecte  between  coaponanta  reault  in  mny  algnal  flow 
loopa.  Again,  theae  coaputer  program  com  to  the  aid  of  the  analyat  only 
after  he  haa  put  In  conelderable  effort. 


Single  Domln  Formula  tore,  Analyaara  and  Slaulatora 


Over  the  yaara,  aany  coaputer  program  have  been  developed  which  accept  data 
deecrlblng  a phyalcal  ayataa  Involving  a alngla  energy  domln  In  a fora  cloea- 
ly  related  to  the  analyat 'a  own  idea  of  how  the  ayataa  ahould  be  modeled  ue- 
lng  a rather  aaall  aat  of  Ideal  elemnta.  The  finite  element  vibration  pro- 
gram daacrlbad  alaewhera  ara  exaaplaa  of  thie  type  of  prograa,  aa  are  tha 
electrical  circuit  dealgn  program.  Theae  program  eeeentlally  formulate  tha 
aquationa  of  notion  laplled  by  tha  lumped  paramtar  nodal  and  then  can  per- 
form analyaea  of  the  propertlea  of  the  aquationa  or  can  perfora  direct  tine 
domln  alaulatlona  of  the  ayataa  raeponae  to  given  lnputa.  Theae  program 
therefore  allow  the  conputer  to  play  a large  role  In  the  dealgn  of  eyetem, 
alnca  a daalgner  la  aparad  a good  deal  of  manipulation  of  parametric  expree- 
alona  If  ha  chooaea  to  aodify  the  ayataa  to  Improve  lta  charactarletlca. 

The  only  way  that  a alngla  domln  analyala  prograa  can  be  uaed  for  a mul- 
tiple energy  domln  ayataa  la  by  analogy.  For  axaapla,  an  electric  circuit 
dealgn  prograa  can  be  uaed  for  aa  electromchanlcal  ayataa  If  an  equivalent 
circuit  la  made  for  the  mechanical  part  of  the  ayataa.  Slallarly,  a mechani- 
cal vibration  prograa  can  be  uaed  for  a hydro-mechanical  ayataa  only  if  the 
hydraulic  coaponanta  can  be  replaced  with  equivalent  mechanical  alaaanta.For 
alapla  eye tarn,  the  uae  of  analogy  la  roeaonable,  but  for  complex  ayataaa  the 
procaaa  la  tadloua  and  needleaaly  confualng,  particularly  when  paramtar  valuee 
are  tranelated  froa  one  mergy  domln  to  another. 
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Multiple  Domain  Formulatora,  Analysers  and  Simulators 

It  Is  possible  to  'lulld  a program  suited  to  multiple  energy  domain  systems 
only  If  one  has  a uniform  way  to  describe  ell  physical  systems  with  a small 
set  of  elemental  components.  Very  few  unified  physical  system  theories  have 
been  extensively  developed  and  therefore  the  nuifear  of  corresponding  programs 
Is  small.  Wa  shall  describe  the  ENPOJtT  program  based  on  bond  graph  system 
descriptions  In  eomo  detail. 


TWO  FORMULATORS  CONTRASTED 

Programs  which  merely  analyse  equation  seta  or  human-generatad  block  diagrams 
are  of  less  Interest  than  those  which  also  formulate  equations  for  multiple 
energy  domain  vibration  control  syatama.  Since  single  domain  formulatora  for 
mechanical  systems  are  described  elsewhere  In  this  volume,  we  will  discuss 
only  a leading  electrical  system  formulator  program  and  contrast  It  with  a 
general  purpose  formulator  program. 

A recent  good  example  of  an  alactrlcal  circuit  program  Is  SPICE  (Simula- 
tion Program  with  Integrated  Circuit  Emphasis)  which  has  supplanted  several 
earlier  programa.  A auiaary  of  the  capabilities  of  this  program  Is  given 
below: 


Simulation  Program  with  Integrated  Circuit  Emphasis  (SPICE)  [1] 

Data:  SPICE  verelon  IQ  Issued  1 March,  1974. 

Capability:  Thia  program  will  handle  electrical  circuit  elements  Including 

semi-conductor  devices.  The  analysis  portion  of  the  program  contains 
three  parte;  a)  nonlinear  dc  analysis  with  provision  for  stepping  an 
Input  source  to  obtain  a sat  of  static  transfer  curves,  b)  small-signal 
steady  state  sinusoidal  and  noise  analysis,  c)  nonlinear,  tlma-domaln 
analysis. 

Limitations  and  Restrictions:  The  program  Is  limited  to  400  nodes  and  200 
total  elements  of  which  no  more  than  100  can  bs  semiconductor  devices. 
Input:  This  program  utilises  a free  format  Input  language  defined  In  a User's 
Guide  Included  In  Raf.  [1]. 

Output : A wide  variety  of  tabular  data  outputs  and  line  printer 
plots  are  available  depending  on  the  analysis  options  chosen. 

Language:  The  basic  program  contains  8000  Fortran  IV  statemsnte . 

Hardware:  Approximately  40,000  decla  il  words  on  a CDC  8400  computer  are  re- 
quired. An  overlaid  version  can  be  executed  In  approximately  25,000 
decimal  words. 

Usage:  The  program  haa  been  developed  and  used  over  a several  year  period  at 
Baikal ty  and  now  haa  been  exported  widely. 

Developer:  See  Raf.  II].  The  development  was  sponsored  by  the  National 
Science  Foundation,  Grant  GE-17931. 

Availability:  Program  Is  available  from  Electronics  Research  Laboratory,  Col- 

lage of  Engineering,  University  of  California,  Barkalay,  California 
94720. 

This  program  could  be  used  for  vibratory  systama  if  one  were  willing  to 
use  equivalent  circuits.  The  nonlinear  capability  and  the  sinusoidal  re- 
sponse analysis  could  be  quite  useful.  On  the  other  hand,  It  Is  annoying  to 
have  to  convert  wises,  spring  constants,  and  damper  parameters  Into  electri- 
cal parameters.  Also,  the  nonlinear  elements  which  are  user  defined  or  built- 
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In  are  set  up  to  nodal  seal-conductor  elements,  not  those  often  found  In 
vibratory  systems. 

Finally,  aoae  specific  problems  arise  whenever  e single-domain  program 
la  used  for  a multiple  domain  problem.  For  example,  while  mutual  Inductance 
elements  era  allowed  In  this  program,  mutual  capacitance  elements  are  not. 
Thus,  an  electrical  element  representing  a mass  matrix  can  be  found,  but  no 
element  la  allowed  to  rapraaant  a compliance  matrix.  Similarly,  loopa  of 
Inductors  and  branches  of  capacitors  are  prohibited,  although  systema  con- 
taining analogous  alaments  may  occur  in  machanlcal  systems. 

Consider  now  a program  specifically  designed  for  multiple  energy  do- 
main systems,  ENPORT. 


ENPORT  [2] 


Data:  1972 

Capability:  This  program  handles  all  typaa  of  physical  systems  as  long  as 
they  ars  raprassntad  by  a bond  graph  modal,  [3].  In  particular,  mech- 
anical systems  containing  coupled  massaa,  spring  constant  or  compliance 
matrices,  component  modes,  rigid  bodies,  and  dampers,  may  be  coupled  to 
hydraulic,  pneumatic,  electrical,  or  thermal  elemanta.  Equations  of 
motion  are  formulated,  output  aquatlona  for  requaated  variables  are 
found,  eigenvalues  are  computed,  and  time  domain  simulation  can  be 
performed. 

Method:  The  program  organises  equations  following  the  type  of  causality 

aaalgnmant  procedure  presented  in  Ref.  [3],  but  with  modifications  to 
make  It  more  suitable  lot  computer  use,  Ref.  [4].  Standard  programs 
for  eigenvalue  analysis  and  matrix  exponential  slasilatlon  are  Incor- 
porated. 

Limitations  and  Restrictions: 

The  prograa  handlaa  linear  systems  only. 


Bonds  Total  maxi  mins 

- 65 

external 

- 50 

Internal 

- 15 

Multiport  elements  maximise 

- 65 

Humber  of  ports,  C.I.R.  maximum 

- 5 

0,  1 

- 5 

Independent  energy  variables 

- 20 

Dependent  energy  variables 

- 10 

Number  of  sources 

- 10 

Nuaber  of  rsslstances 

- 10 

Input:  This  program  utlllsas  a free  format  Input  language  defined  In  Ref. 
[2]  and  (3]. 

Output:  A good  deal  of  graph  processing  Information  Is  always  provided  for 
the  purpose  of  chocking  the  interpretation  of  the  Input  data.  Tabular 
data  from  simulations  as  well  as  line  printer  plots  are  available  by 
requests. 

Language:  The  program  Is  written  In  Fortran  IV  and  Is  contained  on  about 
9000  cards. 

Hardware:  Present  version  of  the  program  was  developed  on  a CDC  6500  ma- 
chine and  Is  In  use  presently  on  a Burroughs  6700  and  various  IBM  ma- 
chines. Core  requirements  for  present  version  are  similar  to  those  for 
SPICI  (above)  but  leas  powerful  versions  have  operated  on  computers  as 
small  at  an  IBM  1100. 

Usage:  Approximately  30  industrial  and  academic  Institutions  have  obtained 
EXPORT  dacka.  Academic  use  has  been  continuous  for  several  years  at 
several  locations. 

Developer:  Professor  R.  C.  Rosenbe.'g,  Michigan  State  University,  East  Lan- 
sing, Michigan  4M23.  The  development  was  unsponaored. 

Availability:  Card  deck  Is  available  ,'rom  the  developer  for  lass  than  650. 
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The  ENPOtT  program  hat  such  Co  reconmand  It  when  multiple  anargy  domain 
vibratory  system*  must  ba  analysed.  All  anargy  domain*  ara  treated  In  tha 
aaaa  fashion  and  with  compatible  unlta.  (Tha  metric  system  la  nost  conven- 
ient with  power  aaaaurad  In  watta  In  all  anargy  domalne).  Tha  Input  data 
■ay  ba  read  directly  from  a ay a tea  nodal  bond  graph  and  only  tha  prlaltlve 
phyalcal  paraaatara  naad  ba  auppllad,  auch  aa  aaaaaa,  capacltaneaa , daaplng 
coeff lclanta,  ate.  Tha  program  can  handle  algebraic  loopa  and  derivative 
cauaallty  autoaatlcally . Once  tha  aqua t Iona  are  formulated  and  coapoalte 
paraaatara  computed  by  ENPOET,  atandard  analyala  programa  can  ba  uaad  to  ex- 
tend tha  analytical  powar  of  tha  program,  for  modaat  alaa  problaaa,  tha  pro- 
graaa  Hated  in  lit.  (5)  are  often  uaad.  Thaaa  programa  will  print  tranafar 
function  polynomlala  and  yield  plote  of  frequency  reaponee  whan  auppllad 
with  vector-matrix  aquation*  from  ENPOtT,  for  example.  For  active  control 
ayatama,  tha  optimal  control  routlnaa  contalnad  In  thin  collection  can  alao 
prove  uaaful. 

The  baalc  difficulty  to  tha  uaa  of  ENPOtT  la  that  one  nuat  learn  to 
modal  dynamic  ayatau  ualng  bond  graphe.  Thla  aort  of  dlaadvantaga  la  In- 
escapable If  one  dealraa  to  handle  multiple  anargy  domain  ayatama  without 
ualng  a human  being  to  organlaa  the  component  equations  algebraically  Into 
the  ayatam  aquations,  Tha  alternative  of  casting  all  components  Into  an 
equivalent  electrical  form,  aa  would  be  required  with  SPICE,  or  Into  an  all 
mechanical  form,  as  would  ba  required  with  any  all-mechanical  element  pro- 
gram, la  hardly  mors  attractive.  In  fact,  when  one  la  forced  to  deal  with 
multiple  anargy  domain  ayatama,  a uniform  approach  to  modeling  the  ayatam 
dynamics  la  uaaful  whether  a computer  program  such  aa  ENPOtT  la  available 
or  not. 
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INTRODUCTION 

Laplace  Trane fora  theory  and  the  foraulatlon  of  transfer  functions  coaprlse 
an  laportant  technique  for  the  representation  and  analysla  of  linear,  lump- 
ed parameter,  aultidegree  of  freedom,  vibrational  systeata.  This  chapter  be- 
gins with  a brief  review  of  the  theory  of  Laplace  transf ones  and  their  ap- 
plication to  the  foraulatlon  of  transfer  functions.  Four  coaputer  programs, 
possessing  various  transfer  function  analysis  capabilities,  are  then  exam- 
ined In  soae  detail.  The  prograa  features  are  demonstrated  by  weans  of  ex- 
amples and  a method  for  representing  certain  plecewiae-llnear  systems  Is 
described. 


NOMENCLATURE 

c * Viscous  daaplng 
I “ Moment  of  Inertia 
J - hFT 

k - Spring  stiffness 
L{}  ■ Laplace  transfora  operator 

a ■ Mass 

P • Centrifugal  force 

a ■ Coaplex  frequency  variable 

o ■ Real  part  of  the  cosiplex  frequency  variable 

iii  - laaglnary  part  of  the  coaplex  frequency  variable 
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LAPLACE  TRANSFORMATION 

The  Laplace  transform  is  a linear  transfora  applicable  only  to  linear  tins 
functions,  including  linear  differential  equations  with  constant  coeffi- 
cients. The  Laplace  transform  Is  recognised  as  a powerful  analytic  tool 
since  It  transforms  a differential  aquation  In  tbs  tlae-doaaln  Into  an 
algebraic  equation  In  the  coaplex  f rsqusncy-doaaln . The  algebraic  equation 
la  easily  solved  for  the  desired  responae  variable  In  the  coaplex  fraquency- 
doaaln,  and  an  Inverse  transfora  can  be  performed  to  obtain  the  time -domain 
response  [1,2].  A transfer  function,  which  represents  the  ratio  of  any  two 
time  dependent  eyatea  variables  transformed  into  the  coaplex  frequency- 
doaaln,  provides  much  information  and  insight  regarding  the  frequency  re- 
sponse of  a system.  While  Laplace  transforms  and  transfer  functions  are 
familiar  to  many,  a brief  review  will  Insure  the  necessary  background  to 
understand  the  exaaples  that  follow. 

The  Laplace  transform  of  a linear  differential  equation  exists,  If  the 
transform  Integral  converges.  Therefore,  In  order  that  the  time  function 
f(t)  be  Laplace  transformable,  It  la  sufficient  that 
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$ |f(t>|e_0ltdt  < - (1) 

o 


for  bobc  remit  positive  Oj  [1].  The  Leplace  trmnmform  of  f(t)  le  defined  me 


L{f(t))  i ^ f(t)e_,tdt  (2) 


where  s ■ a + Jio  represent a the  complex  frequency  variable.  The  tranafora 
Integral  given  by  Eq.  (2)  hai  been  uaed  to  derive  tablea  of  Laplace  tranaforaa 
for  coaaonly  encountered  functlona  [3]. 

An  laportant  theorem  for  applying  Laplace  tranaforaa  directly  to  dif- 
ferential equatlona  la  now  atated. 

Theorem:  the  Laplace  tranafora  of  the  derivative  of  a time 

function  la  given  by  a tlaea  the  Laplace  tranafora  of  the 
function  alnua  the  value  of  the  function  at  t • Of. 

The  proof  of  thla  theorem  follova  from  the  definition  of  the  Laplace  trana- 
fora. 


■W 


(3) 


^ e',t;dlf(t)J 


[a‘#tf(t)]"+  a J f(t)  e"Mdt 


- aF< a)  - f(0f) 


Thla  theorem  la  generalliad  In  Table  1 along  with  the  Integration  and  lin- 
earity propartlea  of  Laplace  tranaforaa. 


Table  1 Laplace  Tranafora  Fropartlee 


t-doaaln 

a -domain 

lat  derivative 

*'<t) 

•F(e)  - f(0f) 

2nd  derivative 

*"(t) 

e*F(a)  - af  ((H)  - f'(0f) 

nth  derivative 

*“(t) 

e"F(e)-a""lf  (0f)-en"2f '(Of) 
-...-^“‘^(Of) 

Integration 

f(t)dt 

i (F(a)  + f-X(0f)J 

linearity 

e*j(t)  + bf,(t) 

•*»<e)  + bF|(a) 
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la  a linear  aystea  coapoeed  of  ■ finite  nuaber  of  luaped  parameter*  (die* 
crete  aaasee,  springe,  deeper*) , the  ratio  of  any  two  tiae  dependent  eystea 
variables  can  be  expressed  In  the  frequency  domain  as  a ratio  of  two  poly- 
noalnals  in  a,  provided  all  Initial  conditions  are  assumed  to  be  zero.  This 
ratio  la  referred  to  as  a transfer  function;  the  general  form  la  given  by 
Bq.  (4). 


T(a) 


*(>,«*  + V!*"'1  + ♦•••■«•  V » «„> 

V°  + Vi'"’1  + W"'2  + •••  +V  + bo 


(4) 


where  a <_  n.  The  transfer  function  usually  la  written  to  express  the  ratio 
of  an  "output"  variable  to  an  "Input"  variable.  Consider,  for  example,  the 
undaaped  mass-spring  aystea  of  Fig.  1. 
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f<t) 


Fig.  1 Simple  aass-apring 

The  applied  force,  f(t),  represents  the  Input  to  the  syatea  end  the  aass 
displacement,  x(t) , la  chosen  as  the  output.  A transfer  function  that  ex- 
presses the  ratio  of  output  displacement  to  Input  force  can  be  obtained  froa 
Kq.  (5),  which  la  the  differential  equation  of  notion  for  the  aystea. 


dt* 


+ kx(t)  - f(t) 


(5) 


■starring  to  Table  1,  the  tranafornatlon  of  Eq.  (S)  to  the  frequency  doaaln 
la  glvan  by. 


a[a*X(e)  - ax«H0  - x'(0+)J  + k[X(s)]  - F(e)  (6) 


In  order  to  obtain  the  desired  transfer  function,  the  Initial  dlsplscanant, 
x((H-),  end  the  Initial  velocity,  x'  (0+) , Bust  be  assumed  to  be  aero.  Then 
Iq.  (6)  nay  ba  written, 


or. 


ne‘x(e)  + kX(a)  - f(e) 

»(»)  - l 

H»)  Mi  + k 


(7) 

(8) 


rhia  transfer  function  expresses  the  relation  between  displacement  and  ap- 
plfed  faces  In  the  frequency  domain.  The  requirement  that  all  Initial  con- 
ditions ba  saro  la  e general  requirement  that  la  Imposed  on  all  transfer 
functions.  The  transfer  function  of  Iq.  (8)  Is  rewritten  In  factored  form 
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The  roots  of  the  denoalnator  of  Eq.  (9)  are  referred  to  aa  the  polea  of  the 
transfer  function.  If  the  forcing  function  Is  harmonic,  the  conplex  fre- 
quency variable,  s,  will  assuae  tha  value  Ju>  where  u represents  the  radian 
frequency  of  the  forcing  function.  Aa  the  value  of  u approaches  k/a,  the 
denoalnator  approaches  zero  and  the  transfer  function  tenda  toward  Infinity. 
Therefore  the  polea  (denoalnator  roota)  of  the  tranefer  function  represent 
the  resonant  or  natural  frequencies  of  the  syatea.  A alallar  Interpretation 
can  be  made  regarding  tha  roota  of  the  nuaerator  of  a transfer  function. 

The  numerator  roota  are  referred  to  as  zeros  and  they  correspond  tc  tha  fre- 
quencies for  which  no  output  is  obtained,  regardless  of  the  aagnltude  of  the 
Input. 

The  frequency  response  of  a transfer  function  la  often  represented  by 
a plot  of  the  aagnltude  of  the  ratio  of  output  to  input  as  a function  of 
frequency.  This  type  of  plot  la  referred  to  as  a Bode1  plot.  The  phase 

which  represents  the  tine  delay  between  the  Input  and  output*  nay  alao 
be  plotted  as  a function  of  frequency. 

Another  laportant  technique  for  obtaining  the  transfer  function  of  a 
system  la  from  experimental  data.  In  many  practical  cases,  the  paraaeters 
required  to  formulate  a discrete  eleaent  nodal  of  a systea  are  not  readily 
obtainable.  In  such  cases,  a Bode  plot  of  the  eyetea  response  can  be  ob- 
tained experlnentally  and  a close  approximation  to  the  aystea  transfer 
function  can  be  formulated  from  the  Bode  plot  [4,5). 

Once  a desired  transfer  function  Is  obtained,  either  analytically  from 
the  differential  equation  or  experlnentally  froa  tha  Bode  plot,  there  are 
several  types  of  analyses  that  nay  be  performed. 

a.  Tha  denoalnator  of  tha  transfer  function  nay  be  factored  to  obtain 
Information  about  tha  polea  (damped  and  undaapnd  natural  frequencies)  of  the 

systea. 

b.  The  nuaerator  of  tha  transfer  function  nay  be  factored  to  obtain  In- 
formation about  the  zeros  (frequencies  at  which  no  output  occurs)  of  tha  sys- 
tea. 

c.  The  frequency  response  (nagnltude  and  phase)  of  the  aystea  aay  be  e- 
valuated  over  a specified  range  of  frequencies. 

d.  The  sensitivity  of  ths  output  to  changer.  In  the  systea  paraastsrs  stay 
be  deteralned. 

e.  Tha  tlae-doaaln  response  of  the  systea  to  sn  arbitrary  Input  aay  be 
deteralned. 

Each  of  these  five  types  of  snalysls  can  be  prograaaMd  and  performed 
with  the  aid  of  a computer.  In  tha  case  of  analyses  (a)  and  (b),  prograas 
for  determining  the  roots  of  nth-degree  polynomials  ara  available  with 
virtually  all  general  purpose  computers  and  are  not  significant  in  them- 
selves. Males  and  Jones  [4]  describe  in  detail  a simple  POKTEAM  program 
which  uses  a modified  Barstow  method  for  finding  tha  roots  of  polynomials 
with  real  coefficients.  Mslsa  and  Jonas  (6)  also  provide  tha  conplate  list- 
ing for  a POmAM  program  to  compute  and  plot  tha  frequency  response  of  a 
transfer  function.  While  these  prograas  are  easy  to  implement  and  extraasly 
fast  to  axacuts,  tha  Input  format  Is  cuabersoae  and  the  subroutines  are  ex- 
ecuted Independently,  resulting  In  a piecewise  analysis.  Although  the  lit- 
erature Includes  other  examples  of  such  programs,  ths  main  emphasis  In  this 
chapter  Is  on  examining  those  programs  which  offer  a unified  system  of 

1 After  H.  W.  Bode  whose  name  Is  prominently  associated  with  the  use  of 
such  plote. 


I HANS  IKK  FUNCTION  ANALYSIS 


13 


analysis,  with  user-oriented  input  format  and  a high  degree  of  flexibility 
In  output  format. 


PROGRAMS  EVA1UATED 

The  four  programs  evaluated  in  this  chapter  are  SUPER*?CEPTRE,  NET-2,  SYNAP 
and  CSMP  III.  Each  of  these  programs  possesses  analysis  capabilities  beyond 
those  required  merely  for  transfer  function  analysis.  SUPER*SCEPTRE  is  an 
extension  of  the  SCEPTRE  network  analysis  program  and  can  be  used  to  analyze 
one-dimensional,  multidegree  of  freedom  mechanical  systems,  digital  logic 
systems  and  control  ayatems,  in  addition  to  transfer  functions.  NET-2  is 
another  network  analysis  program  which  has  been  expanded  to  Include  analysis 
of  digital  logic  systems  and  control  systems  as  well  as  transfer  functions. 
SYNAP  is  designed  to  automatically  formulate  the  transfer  function  for  an 
electrical  network  and  to  analyze  user-specified  transfer  functions.  CSMP  III 
is  a well  known  continuous  system  simulation  program  which  Includes  the  cspa- 
blllty  for  representing  general  transfer  functions  and  system  elements.  Each 
of  these  four  program  is  examined  in  detail  in  the  following  sections.  Four 
sample  problems  are  presented  and  analyzed  to  illustrate  the  required  coding 
procedures  and  program  features.  Only  those  program  features  that  are  di- 
rectly related  to  transfer  function  and  vibration  analysis  are  discussed. 


SUPER*SCEPTRE 

(System  for  Circuit  Evaluation  and  Prediction  of  Transient  Radiation  Effects)  [8] 


Date:  Updated  version  released  January,  1975* 

Capability:  Nonlinear  time-domain  response  of  electrical  networks,  one- 

dlmenalonal  multidegree  of  freedom  mechanical  system,  digital  logic, 
linear  transfer  functions  and  control  systems. 

Method:  State-variable  formulation  of  the  describing  equations  for  a system. 

Transient  solution  obtained  by  variable  step  numerical  integration 
with  a choice  of  three  explicit  and  one  implicit  Integration  methods. 

Limitations  and  Restrictions:  No  frequency  response  curves  possible  when 

program  used  in  an  interdisciplinary  mode.  No  polynomial  root  deter- 
mination. Transfer  functions  higher  than  36th  order  must  be  repre- 
sented by  interconnecting  spproprlate  combinations  of  lower  order  trans- 
fer functions. 

Input:  Field-free,  user-oriented  input  language.  Transfer  functions  modeled 

by  specifying  numerator  and  denominator  roots  or  coefficients.  Electri- 
cal and  mechanical  systems  specified  by  entering  element  type,  values, 
and  interconnections.  Digital  devices  sre  specified  by  calling  "built- 
in11  logic  mods Is. 

Output:  Any  system  variables  may  be  requested  as  output.  Solution  points 

printed  in  tabular  format  aid  linear  plots. 

Language:  Primarily  FORTRAN  with  some  assembly  language  I/O  routines. 

Hardware:  Designed  for  IBM  360/370  with  238K-bytes  core  or  CDC  6000  series 

with  115gK-words. 

Usage:  Preliminary  version  released  January  1976.  Final  version  rslassed 
January  1973  and  is  already  operative  at  about  20  installations.  Tech- 
nical manual  and  loading  instructions  distributed  with  taps. 

Developers:  J.  C.  Bowers,  J.  E.  O'Reilly,  C.  A.  Shaw 

Electrical  Engineering  Department 
University  of  South  Florida 
Tampa,  Florida  33620 

Sponsored  by  the  Army  Material  Cowind  CAD-E  Council  under  DA  project 
number  1E762708A090- 24-07. 

Availability:  Magnetic  tape  and  installation  documentation  distributed  for 

a handling  charge  of  $100.  Send  purchase  order,  check  or  letter  of 
intent  to  purchase  to: 
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Dr.  Janes  C.  Bowers 
Electrical  Engineering  Department 
University  of  South  Florida 
Tampa,  Florida  33620 

Make  checks  payable  to  the  Electrical  Engineering  Department. 


SUPER*SCEPTRE  Progran  Structure 

Transfer  function  representations  are  often  used  In  electrical  network 
analysis  and  synthesis  procedures.  For  thla  reason,  the  SCEPTRE  network 
analysis  progran  was  recently  expanded  to  Include  a transfer  function 
modeling  and  analysis  capability.  Several  other  analysis  capabilities  were 
also  added  to  SCEPTRE,  and  the  resulting  software  package,  which  consists 
of  the  SCEPTRE  program  and  a preprocessor,  la  called  SUPER*SCEPTRE.  The 
preprocessor  la  essentially  transparant  to  the  user  since  It  accepts  stand- 
ard SCEPTRE  coding  and  the  processed  output  la  automatically  pasted  to  the 
SCEPTRE  program.  The  preprocessor  portion  of  SUPER*SCEPTRE  has  been  In  use 
for  less  than  two  years.  However,  the  SCEPTRE  program,  which  performs  the 
actual  analyaea,  hat  bean  In  use  on  live  jobs  for  over  i yeara  and  has 
undergone  extensive  testing  and  modification  to  refine  lta  performance. 

The  transfer  function  model  provided  In  SUPER* SCEPTRE  Is  represented 
dlagraaasatlcally  as  shown  In  Fig.  2. 


nodj  3 
output 
nods  4 


Pig.  2 Transfer  function  model 

Note  that  the  transfer  function  model  possesses  four  terminals  or  nodes. 
The  input  la  applied  between  nodes  1 and  2 and  the  output  quantity  appears 
between  nodes  3 and  4.  The  arrow  above  the  transfer  function  block  la  di- 
rected from  the  Input  to  the  output  to  symbolise  the  direction  of  algnal 
flow.  Before  describing  the  usea  of  the  transfer  function  model,  the 
SUPER*SCEPTRE  Input  language  la  described. 

The  input  language  employs  a structured,  field-free  format  that  la 
easy  to  learn  and  use.  The  language  consists  of  descriptive  headings,  sub- 
headings and  statements  syntactically  constructed  from  user-derived  model 
names,  component  names,  nods  nasms,  and  value  specifications.  The  headings 
and  subheadings  required  for  transfer  function  analysis  are  listed  In  Table 
2. 


Table  2 SUPER*SC1PTEE  Headings  and  Subheadings 


1. 

TRANSFER  FUNCTION  DESCRIPTION 

MODEL  MAKE 

2. 

MODEL  DESCRIPTION 

MODEL  MAKE  (TYPE) 

1 

CIRCUIT  DESCRIPTION 
ELEMENTS 
FUNCTIONS 
OUTPUTS 
RUM  CONTROLS 

4. 

END 

The  TRANSFER  FUNCTION  DESCRIPTION  beading  card  la  required  whenever  one  or 
more  transfer  function  models  are  specified.  The  first  MODEL  card  follows 
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Chs  TRANSFER  FUNCTION  DESCRIPTION  card  and  indlcataa  tha  beginning  of  a 
tranafar  function  opacification.  Tha  MODEL  card  oust  Include  a uaar  auppllad 
aodal  naaa  of  up  to  18  alphanuaarlc  characters.  Tha  tranafar  function  la 
antarad  by  opacifying  tha  conatant  multiplier,  tha  nuaarator  coafflclenta  or 
roota  and  tha  denominator  coafflclenta  or  roota.  If  tha  coafflclenta  are 
opacified,  they  oust  be  In  daacandlng  order,  aaparatad  by  coaaas  and  en- 
cloaad  by  parantheaea.  If  lnatead  tha  roota  ara  apeclflad,  they  are  aleo 
aaparatad  by  comae,  but  they  cay  be  In  any  order  and  auat  not  be  inclosed 
by  parantheaea.  Tha  general  foraat  for  a tranafar  function  aodal  specifi- 
cation lai 

TRANSFER  FUNCTION  DESCRIPTION 
MODEL  NAME 

K * Multiplying  conatant 
NUMERATOR  “ Coafflclenta  or  roota 
DENOMINATOR  - Coafflclenta  or  roota 

If  dealrad.tha  syabollc  naaaa  UUMIRATOR  and  DENOMINATOR  any  ba  shortened  to 
N and  D respectively. 

Ones  the  desired  tranafar  function  aodela  ara  apeclflad,  tha  forcing 
function  Bust  ba  apeclflad,  dealrad  outputs  auat  be  requested,  and  appro- 
priate run  controls  apeclflad.  These  specifications  ara  aada  following  tha 
CIRCUIT  DESCRIPTION  heading  card.  Tha  following  asaaplaa  will  illustrate 
the  exact  fora  for  each  entry. 


Exaapla  1 SUPEX*SCEPTRE  Analysis  of  a Second-Order 
Systaa  with  Forced  Vibrations 


Figure  3 shows  tha  modal  of  a spring-suspended  aotor  of  aass  a,  con- 
strained to  displace  In  tha  vertlcle  direction  only  [7]. 


Fig.  3 Spring-suspended  aotor 


D£t« 

2 . 

■ • 

1 lb"SZ/ft 

k - 100  lb/ft 

c ■ 

10  lb 'a/ft 

p - 

.1  lb 

U>  ■ 

62  rad/a 

Asauae  that  the  aotor  rune  at  e constant  angular  speed,  w,  and  that  Its  rotor 
la  slightly  out  of  balance,  a a Indicated  In  Fig.  3 by  tha  eccentric  naaa 
at  point  A.  The  labalenced  rotor  creates  centrifugal  force  F,  resulting  In 
a vertlcle  component  of  force,  f(t),  equal  to  F sin  wt.  Tha  equation  of 
notion  for  tha  steady  stats  responee  of  this  systaa  Is 


m + cx  + kx  ■ f(t)  (10) 

Referring  to  Table  1,  Eq.  (10)  can  ba  written  In  tba  frequency  doaain  aa 
■0*1(0)  + caX(s)  ♦ kx(a)  - F(a) 


(11) 
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provided  the  Initial  acceleration)  velocity  and  displacement  of  the  aotor 
are  tero.  Note  that  the  actual  tranaforma  of  f(t)  and  x(t)  are  not  required 
alnce  we  are  lntereated  only  In  their  ratio.  Solving  Eq.  (11)  for  the  de- 
alred  tranafer  function  ratio  reaulta  in  Eq.  (12). 


Xiai  . Us 

'<•>  e2+£.+* 

■ a 


(12) 


The  parameter  values  Indicated  in  Fig.  3 can  be  substituted  In  Eq.  (12) 
to  obtain i 


X(a) 


F(«) 


1 

a2  + 10a  + 100 


(13) 


The  SUPER* SCEPTRE  transfer  function  aodal  for  this  exsap le,  with  the  forcing 
function  applied  to  the  Input)  la  shown  In  Fig.  4. 


3 

-o 


+10a+100 


Fig.  4 Tranafar  function  aodal  and  Input  forcing  function 


In  SUPER*SCEPTRE , the  input  forcing  function  la  represented  by  a voltage 
source  connected  between  the  Input  nodes.  The  voltage  source  can  represent 
any  Input  quantity  such  as  force  or  displacement.  The  only  requirement  la 
that  the  value  of  the  voltage  aource  correspond  to  the  value  of  the  actual 
forcing  function  or  Input  to  the  ayatea.  The  voltage  aource.  hereafter  re- 
ferred to  also  aa  the  forcing  function,  wet  be  assigned  a symbolic  name, 
up  to  five  characters  In  length  and  beginning  with  the  letter  E.  In  this 
exaaple,  the  voltage  source  is  assigned  the  naae  EX.  The  next  step  Is  to 
assign  a number  to  each  node  of  the  transfer  function  aodal.  The  node 
numbers  may  be  chosen  in  any  arbitrary  fashion.  The  complete  SUPER*SCEPTRE 
listing  can  now  be  formulated,  based  on  the  diagram  of  Fig.  4. 

TRANSFER  FUNCTION  DESCRIPTION 
MODEL  UNBALANCED  MOTOR 
K • 1 

NUMERATOR  - (1) 

DENOMINATOR  - (1,  10,  100) 

CIRCUIT  DESCRIPTION 
ELEMENTS 

El,  2-1  - El  ( . 1*8IN (62*TIKE) ) 

Tl,  1 -2-3-4  - MODEL  UNBALANCED  MOTOR 
OUTPUTS 

El (FORCE),  E0T1  (DISP) 

RUM  CONTROLS 
STOP  TIME  - .3 
END 


Fig,  3 8UPER*SCEPTRE  program  listing  for  the  spring-suspended  aotor 
Although  It  Is  not  required,  Indentation  is  used  in  the  listing  of  Pig.  3 
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Co  distinguish  headings,  subheading*  and  Che  encrlea  under  each  aubheadlng. 
Follcvlng  Che  TRANSFER  FUNCTION  DESCRIPTION  heading,  Che  uaer-derived  name, 
UNBALANCED  MOTOR,  Is  assigned  to  Che  transfer  function  aodel . Then  Che 
nultlplylng  conetant,  numerator  coefficient,  and  denominator  coefficients 
of  the  transfer  function  are  specified.  In  this  exaaple,  the  specifications 
for  the  multiplying  constant,  K,  and  the  numerator  polynomial  could  have 
been  omitted.  If  left  unspecified,  K defaults  to  1 and  the  numerator  de- 
faults to  a tero-order  polynomial  with  a value  of  1. 

The  node  connections  between  the  transfer  function  modal  and  the  forcing 
function,  as  well  aa  the  value  of  the  forcing  function,  must  be  specified 
under  the  ELEMENTS  subheading  of  tha  CIRCUIT  DESCRIPTION.  The  name  of  the 
forcing  function  la  entered  first,  followed  by  Its  node  connections  and 
value.  The  value  of  the  forcing  function  la  determined  in  a mathematical 
expression,  denoted  In  this  example  by  XI.  In  order  to  specify  the  node 
connections  for  a transfer  function  model,  an  arbitrary  model  designator.  In 
this  case  Tl,  must  flrat  be  assigned.  The  node  connections  are  then  speci- 
fied by  entering  the  model  designator,  Tl,  followed  by  the  Input  nodes,  out- 
put nodes  and  mode*  name. 

The  OUTPUTS  eubheading  la  used  to  Indicate  the  variables  that  are  de- 
sired aa  output  from  the  slwlatlon.  In  Fig.  5,  the  values  of  El  and  E0T1 
are  requested.  The  output  verlable  of  any  transfer  function  model  la  always 
referred  to  by  suffixing  the  uaer-derived  model  designator  to  the  symbolic 
name  EO.  In  this  example,  Tl  was  arbitrarily  chosen  for  the  model  designa- 
tor, so  the  output  of  the  transfer  function  becomes  E0T1.  The  requests 
shown  under  the  OUTPUTS  aubheadlng  will  generate  a printed  tabular  listing 
of  El  and  E0T1  as  functions  of  simulation  tlma.  Print -plots  of  El  and  E0T1 
will  also  be  generated.  Tha  names  enclosed  by  parentheses  will  cause  the 
printed  and  plotted  values  of  El  and  E0T1  to  be  labeled  FORCE  and  DISP  re- 
spectively. The  uee  of  thin  renaming  feature  la  optional.  The  desired  simu- 
lation STOP  TIME  la  Indicated  under  the  RUN  CONTROLS  subheading.  A number 
of  additional  entries  era  permitted  under  the  RUN  CONTROLS  subheading.  The 
Hating  Is  terminated  with  an  END  card. 

Tha  listing  of  Pig.  5 represents  tha  typical  Input  required  to  obtain 
the  time-domain  response  of  a given  transfer  function.  Note  that  the  forcing 
function  la  specified  In  tha  form  of  a mathematical  axpraaslon  In  thu  time- 
domain.  In  general,  the  forcing  function  can  ba  any  arbitrary  function  of 
time.  If  the  forcing  function  la  not  easily  axpraasad  In  closed  form,  it 
may  be  represented  by  entering  ordered  parts  of  data  In  a tabular  format. 

Each  ordered  pair  represents  the  value  of  the  function  et  a specific  point 
In  time.  Linear  interpolation  is  employed  In  tha  program  to  obtain  func- 
tional values  that  occur  between  the  specified  points  In  time. 


Example  2 SUPER*SCEPTRE  Analysis  of  a Torsional  System 
with  Pour  Degrees  of  Freedom 

A step  torque  Is  applied  to  tha  first  disk  of  tha  torsional  system 
shown  in  Pig.  6.  Tha  rtroblem  is  to  datsrmlna  the  resulting  angular  velo- 
city and  displacement  of  tha  fourth  disk  for  a period  of  10  seconds  Imme- 
diately following  application  of  tha  step  torque. 

Tha  transfer  function  relating  tha  angular  velocity  of  the  fourth 
disk  to  the  applied  torque  la  given  by  Eq.  (14). 


R(s)  . 
T(s) 


4.«  + 2iiB«  + iMi.*  + 13IS2  + 3 

k3  k2  k 


(1*) 
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Data 

I ■ 4 lb*sVrad 
k - 2 lb/rad 


0 time 

fig.  6 Toralonal  eye ten  and  paraaMtar  data 

The  valuea  Indicated  In  fig.  i for  tha  loaent  of  Inertia,  I,  and  toralonal 
atiffneamk,  can  be  aubatituted  Into  Eq.  (14)  to  obtain  Eq.  (15), 


fl(a) a 

T(e)  32b®  + H2a®  + 128a4  ♦ 52a2  + 3 


(15) 


Now  the  angular  velocity  can  be  obtained  froa  Eq.  (15)  and  the  corraepondlng 
angular  dlaplaceaant  can  be  obtained  by  Integration  of  the  angular  velocity. 
Recall  froa  Table  1 that  integration  In  tha  time -done  in  la  equivalent  to  di- 
vlalon  by  a in  the  frequancy-doaaln.  A dlagraa  of  the  8UFEX*SCEPTR£  repre- 
aantatlon  for  thla  eyetaa  le  ahovn  In  fig.  7,  where  the  angular  velocity 
output  of  the  flret  tranafer  function  nodal  la  Integrated  by  tha  eacond 
tranafer  function  nodel  to  obtain  angular  dleplacanant. 


EIN 


(1) 

(5) 

^ 0 

• 

1 

•d-Q, 

32a®+112a*+128el,+  52a*+3 

■ 

0 

(2)  (4)  (6) 


Fig.  7 SUPER* SCEPTRE  at, del  for  tfau  toralonal  ayitea 


Am  In  the  prevloua  example , the  Input  forcing  function  la  rapreaentcd  by  a 
voltage  aource.  Ell.  Tha  SUPER*SCXPTR1  Hating  abown  in  fig.  8 la  alao  ala- 
liar  to  the  prevloua  exaapla . However,  two  tranafer  function  aodela  are  now 
required,  and  additional  node  nuabera  have  bean  added. 

In  thle  llatlng,  I and  D,  the  ehortened  forma  for  NUMERATOR  ai<d 
DENOMINATOR,  have  been  uead  to  epeclfy  the  tranafer  functlone.  Not  r alao 
that  parentheaea  are  onitted  when  opacifying  the  roote  of  tha  muaerator  or 
denonlnator.  The  conatant  multiplier  apeclflcatlon  la  given  but  la  not  re- 
quired. 

Under  the  ELEMENTS  aubheadlng,  EIN  la  apeclfled  aa  a unit  etep  function 
and  the  node  connectlona  for  the  tranafer  function  aodela  are  apeclfled.  The 
nodal  deaignatore  Cl  and  02  are  aealgnad  to  the  tranafer  function  aodela. 
Under  the  OUTPUTS  aubheadlng  the  forcing  function,  EIN,  velocity  output  of 
the  flrat  tranafer  function,  EOG1,  and  dleplacaaent  output  of  tha  eacond 
tranafer  function,  E0C2,  are  raqueated.  The  apeclflcatlon  under  the  RUN 
CONTROLS  aubheadlng  lndlcatee  the  alauletlon  atop  time. 
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TRANSFER  FUNCTION  DESOtlPTION 
MODEL  TORSIONAL  SHAFT 
K - 1 
N • 0 

D - (32,  0,  112,  0,  128,  0,  52,  0,  3) 

MODEL  INTEGRATOR 
K - 1 
D - 0 

CIRCUIT  DESCRIPTION 
ELEMENTS 
EIN,  2-1  - 1 

Cl,  1-2- 3-4  - MODEL  TORSIONAL  SHAFT 
C2,  3-4- 5-6  - MODEL  INTEGRATOR 
OUTPUTS 

EIN  (TORQUE)  , E0C1  (OMEGA),  E0G2  (THETA) 

RUN  CONTROLS 
STOP  TIME  - 10 
END 

Fig.  8 SUPER*SCEPTRZ  program  listing  for  ths  torsional  systam 


Ex  up  It  3 SUPER*SCEPTRE  Analysis  of  a Sprlng-Mass-Daapar 
Systam  with  Two  Degrees  of  Freedom 


In  this  example,  s stap  forca  la  appllad  to  mass  m2  as  Indicated  in  Fig. 
Tha  dlsplacamant  of  m2  is  daalrad  for  the  first  ten  seconds  aftar  applica- 
tion of  tha  step  Input. 


Pats 

ml  - 1 lb.eZ/in. 

m2  * 1000  lb.a2/ln. 
cl  - 10  lb. s/in. 

c2  > 50  lb.a/ln. 

M - 1000  lb/ln. 
k2  - 100  lb/ln. 


9. 


Fig.  9 Sprlng-mass-dampar  system  and  parameter  date 


Tha  transfer  function  relating  tha  displacement,  a(t),  to  the  applied  forca, 
f(t),  can  be  obtained  from  the  differential  equation  for  the  system.  Vernon 
[9]  describee  an  alternate  method  for  obtaining  transfer  functions  which 
does  not  require  formulation  of  the  time-domain  differential  aquation.  Tbs 
method  Introduces  tha  concepts  of  mechanical  lapedanea  and  mobility  to  ob- 
tain the  transfer  function  directly  la  the  frequency -domain.  The  desired 
transfer  function,  obtained  by  either  of  these  methods,  Is 


lill  . 

Ks) 


v2  * V * *1 


T ~1~  "1 

m^a*  4-  (mjCj  ♦ m^  + OjC^a3  + (mjkj  + Ujkj  + c^Cj)»Z 


(16) 


♦ (Cjkj  ♦ Clk2  4 Cjkj).  + k^ 
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The  pirn 
to  obtain 


iter  valuaa  Indica  te  <r  Fig.  9 can  ba  aubatltutad  Into  Eq.  (16) 


X(a) 

F(e) 


a2  + 10a  + 1000 

1000  a4+  10060  a3  + 101500  a2  + 61000  + 100000 


(17) 


Tha  SUPER*SCEPTRE  tranafar  function  nodal  and  prograa  Hating  for  Eq.  (17) 
could  be  eaolly  formulated  by  following  tha  procaduraa  outllr  id  In  tha 
flrat  two  axaaplea . However,  lnataad,  an  alternatr  method  for  SUPER*SCEPTRE 
analyala  of  thla  ayataa  la  deacrlbed.  Although  tha  alternate  method  doaa 
not  employ  tranafar  function! , It  greatly  almpllflaa  tha  analyala  of  many 
vibrational  ayetema  and  la  therefore  worthy  of  mention. 


An  Alternate  Approach  to  Vibration  Analyala  Uelng  SUPER* SCEPTRE 

Tha  MECHANICAL  DESCRIPTION  heading  of  SUPER* SCEPTRE  can  ba  used  to  analyze 
one-dlmenalonal,  nultldagree  of  fraadon  mechanical  eyatema  compoaad  of  any 
of  the  eleuenta  llated  In  Table  3t 


Table  1 Mechanical  Elamanta  of  SUPER*SCEPTRE 


ELEMENT  TYPE  REQUIRED  ELEMENT  NAME  PREFIX 


Maaa 

M 

Moment  of  Inertia 

J 

Spring  Stlffnaia 

I 

Vlacoua  Damping 

D 

Coulomb ic  Friction 

C 

Acceleration  Source 

G 

Velocity  Source 

U 

Force  Source 

R 

Torque  Source 

R 

Analyala  uelng  the  MECHANICAL  DESCRIPTION  heading  allmlnataa  tha  need  for 
writing  any  differential  or  algebraic  equatlona  to  deecrlbe  tha  ayataa.  In- 
ataad,  tha  uaer  merely  apeclflea  the  elementa  comprlalng  tha  ayataa,  their 
Interconnection!  and  valuaa.  The  prograa  automatically  formulatee  tha  de- 
acrlblng  equatlona  for  the  eyatea,  baaed  on  the  topological  deecrlptlon  pro- 
vided by  the  uaer.  To  Uluetrate  tha  elmpllclty  of  thla  approach,  tha  eyatam 
of  Fig.  9 la  analyzed . The  flrat  atap  la  to  determine  the  lntarconnectlona 
or  nodea  of  the  ayataa.  A node  la  Identified  aa  a point  of  common  velocity 
between  two  or  more  elementa.  Each  node  la  then  aaelgned  an  arbitrary  but 
unique  number.  The  Inertial  referance  plane  conetltutee  one  of  the  ayataa 
nodea  and  all  naea  acceleration!  and  volodtiea  are  computed  with  raapact  to 
thla  reference  plane.  The  ayataa  la  redrawn  In  Fig.  10,  with  appropriate 
node  number!  added. 


Fig.  10  Spring -nee  i-daaper  ayataa  prepared  for  Input 
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In  addition  to  adding  tha  noda  numbers  ahovn  In  Fig.  10,  aoac  of  tha  clamant 
n*aa»  have  bacn  aodlflad  ao  they  have  tha  required  prefixes  Indicated  in 
Tabal  3.  The  SUPEF*SCEPTR£  Hating  for  the  axaapla  can  now  be  written.  For 
each  element  of  the  eyatem,  the  element  name , node  connactlona  and  value  are 
apacif led  under  the  ELEMENTS  aubheadlng  aa  ahovn  in  Fig.  11. 


MECHANICAL  DESCRIPTION 
ELEMENTS 
HI,  1-3  - 1 
Ml,  2-1  - 1 
M2,  3-1  - 1000 
Dl,  3-2  - 10 
D2,  3-1  - 50 
El,  2-1  ■ 1000 
K2,  3-1  - 100 
OUTPUTS 

AMI,  VM1,  SMI,  FM1,  VM2 
FU,  FX2,  FD1,  FD2,  Rl 
RUN  CONTROLS 
STOP  TIME  - 10 

INTEGRATION  ROUTINE  - IMPLICIT 
END 

n«.  11  SUPER* SCEPTRE  Program  Llating  for  the  Sprlng-Maaa-Daaper  Syaten 


The  typea  of  output  that  can  be  obtained  from  thla  elmulatlon  Include  accel- 
er  at  Iona,  velocities  dlaplacementa  and  forcaa.  Output  requeata  are  made 
under  the  OUTPUTS  aubheadlng  by  adding  an  appropriate  atatua  prefix  to  the 
element  name.  For  example,  the  atatua  prefix  for  acceleration  la  A,  ao  In 
tha  llating,  tha  acceleration  of  naaa  Ml  la  obtalnad  by  entering  AMI  under 
OUTPUTS.  Similarly,  tha  velocity  and  displacement  of  naaa  Ml  are  dealgnated 
by  VM1  and  SMI  reapectlvely.  Tha  algebraic  a urn  of  all  forcaa  acting  on  Ml 
la  obtained  by  requeatlng  IM1.  The  forcea  transmitted  by  aprlng  Rl  and 
daahpot  Dl  are  obtalnad  by  the  entriea  FK1  and  FD1  reapectlvely.  Tha  choice 
of  outputa  from  a elmulatlon  la  left  entirely  to  the  uaer.  In  thla  example, 
tha  IMPLICIT  Integration  routine  haa  been  epeclfled.  Thla  routine  la 
daalgned  to  handle  stiff  equatlona  for  ayatama  with  a large  variation  In 
elganvaluaa.  If  no  integration  routine  la  apeclflad,  an  exponential  Inte- 
gration routine  la  uaed. 

The  MECHANICAL  DESCRIPTION  heading  can  aloo  ba  uaad  to  almulate  ayatema 
containing  Ideal  geara,  time-varying  nonlinear  elamenta  and  slectromechanl- 
cal  devlcea.  Bach  of  the  pravloua  exmaplaa  can  be  programmed  ualng  the 
MECHANICAL  DESCRIPTION  heading. 


Example  4 SUPIR*SCEPTRI  Analyala  of  a Plecevlae-Llnaar  Syatem 

This  axaapla  la  Included  to  demonstrate  a method  for  the  analyala  of  plece- 
vlae- linear  ayatama.  The  method  rellea  aooevhat  on  technlquaa  common  to 
the  analyala  of  control  ayatama.  A comprahanalva  treatment  of  control  ayataa 
theory  and  Its  application  to  linear  vibration  analysis  la  given  by  Vernon 
[5].  Tha  method  to  be  uaad  here  Involves  representing  the  linear  portion  of 
a system  by  one  or  more  transfer  functions  and  the  nonlinear  portion  by  an 
appropriate  plecevlae-llnear  model.  The  models  are  then  Interconnected  to 
for-  a feedback  control  system. 

Before  examining  a nonlinear  syatam,  the  control  system  representation 
!'or  tha  linear  aprlng-maaa  system  of  Fig.  12  Is  developed. 
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n«.  12  Linear  aprlng-aaaa-eyatee 

The  transfer  function*  for  Cha  aaaa  and  aprlng  alaaanta  are  foraulated 
•apart tely.  The  total  force  acting  on  the  Mat  la  equal  to  the  applied 
force,  fa  alnua  the  aprlng  force,  f^. 


f.  - fk  - « 

The  fraquancy-doaaln  rapreaantatlon  of  Eq.  (18)  la, 
F,(a>  - *k(a)  - «a2X(a) 


and  tha  tranafar  function  becowaa 


MsL 


. JL 


F,(a)  - Fk(a)  ^2 


(18) 


(19) 


(20) 


The  aquation  for  tha  aprlng  force  la 

*k  - tat  (21) 

and  tha  tranafar  function  rapreaantatlon  la  given  by  Iq.  (22). 

v«> 

~hrk  <«> 


Tha  block  dlagraa  rapreaantatlon*  for  each  of  theae  tranafar  functlona  la 
ahown  In  Flga.  13  (a),  (b). 


F.(a)-Fk(e), 

1 

X(a)r 

X(a)  a 

*k<*L 

! 

(a)  (b) 


Fig.  13  Tranafar  function  rapraaantatlona  (a)  aaaa i (b)  aprlng 

Tha  tranafar  function  blocka  of  Fig.  13  can  be  Interconnected  to  rapreecnt 
tha  cowplata  ayatan  of  Fig.  12.  However,  tha  blocka  nuat  ba  interconnected 
ao  that  the  dependency  between  aaaa  dlaplacaawnt  and  aprlng  force  la  properly 
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preeerved.  fig.  14  llluetratee  the  proper  connection.  The  circle  ie  referred 
to  ae  a euaning  Junction  and  la  uaed  to  indicate  that  the  aprlng  force  la 
aubtracted  fro*  the  applied  force  to  obtain  the  total  force  acting  aa  the 


Fig.  14  Feedback  control  ayateai  rapreaantation  of  a linear  maaa-aprlng  ayaten 

I 


Now  conalder  the  aprlng-aaaa  ayateai  of  Fig.  15(a) , which  containa  a diacon- 
tlnuoua,  linear  elaatlc  aprlng.  If  the  initial  poaltlon  of  the  Bate  la 
taken  Midway  between  the  aprlng  gap,  the  atatlc  load-diaplacenent  dlagraa 


Fig.  IS  (a)  Sprlng-aaae  ayaten;  (b)  atatlc  load  curve;  (c)  input  and  parameter 
data 


The  complete  ayaten  nay  be  repreaented  by  the  previoualy  developed  control 
•y«t«“  of  Fig.  14,  provided  the  linear  aprlng  block  la  new  replaced  by  a 
plecewlae-llnear  block  aa  ahown  in  Fig.  li. 


Fig.  16  Feedback  control  ayatan  rapreaantation  ualng  a plecewlae-llnear  nodal 


1 


24 


SHOCK  AND  VIBRATION  COMPUTER  PROURAMS 


The  control  eyetea  of  Fig.  16  can  be  represented  in  SUFER*SCEPTRE  by  a 
tranafer  function  model  and  a plecevlea-llnear  aodel.  A number  of  plecevlse- 
llnear  Models  are  built-in  to  the  SUPER*SCEPTRE  program.  The  built-in  model 
required  for  this  example  is  identified  by  the  name  DEAD  BAND.  Since  the 
transfer  function  model  and  plecevlae-llnear  model  have  four  terminals  each, 
the  control  system  is  first  redrawn  as  shown  in  Fig.  17.  Note  that  the  in- 
put forcing  function  la  now  repreaented  by  EFA,  and  the  effect  of  the 
suaning  Junction  la  accounted  for  by  the  terminal  connections  shown.  As  in 
the  previous  examples,  each  node  connection  is  aaalgned  an  arbitrary  number. 


Fig.  17  SUPER*SCEPTRE  repreaentation  of  the  feedback  control  system 


Assume  that  the  input  consists  of  a force  applied  for  1 second  as  shown  in 

Fig.  IS  (c)  and  the  transient  response  for  the  first  20  seconds  is  desired. 

Then  an  appropriate  SUPER*SCEPTRE  listing  is  presented  In  Fig.  18. 

TRANSFER  FUNCTION  DESCRIPTION 
MODEL  MASS 
D - 0,  0 

MODEL  DESCRIPTION 
MODEL  NONLINEAR  SPRING  (DEAD  BAND) 

B - * 

M - 1 

CIRCUIT  DESCRIPTION 
ELEMENTS 

EFA,  1-2  - TABLE  1 
Tl,  2-3-A-5  • MODEL  MASS 
T2,  *-5-3-1  • MODEL  NONLINEAR  SPRING 
FUNCTIONS 

TABLE  1 - 0,0,  0,1,  1,1,  1,0,  20,0 
OUTPUTS 

EFA,  EOTl(DISP) , E0T2(FK) 

RUM  CONTROLS 
STOP  TIME  - 20 

END 

Fig.  18  8UPIR*SCEPTRE  program  Hating  for  the  plecewise-llnsar  system 


Several  new  entries  are  introduced  in  this  listing.  A MODEL  DESCRIPTION 
heading  is  Inserted  to  specify  tha  plecevlse-llnear  model.  The  type  of 
model,  DEAD  BAND,  Is  specified  on  the  MODEL  name  card.  Ssven  other  types  of 
plecevlse-llnear  models  ars  also  available,  Including  a general  purpose 
model  which  can  bs  modified  to  represent  many  different  characteristics.  Tha 
width  of  tha  dead  band  region  Is  specified  by  the  B entry  under  the  MODEL 
name  card.  Tha  non-saro  slope,  which  In  this  example  represents  spring 
stiffness,  Is  specified  by  M. 

Since  the  input  function,  EFA,  Is  a pulse,  for  which  no  simple  mathe- 
matical expression  exists,  It  Is  specified  by  a table  of  ordered  pairs  of 
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data  points.  The  data  points  of  the  table  are  listed  under  the  FUNCTIONS 
subheading,  with  time  as  the  first  point  and  the  functional  value  ts  the 
second  point  In  each  ordered  pair.  The  remaining  entries  In  the  listing  have 
been  discussed  in  the  previous  examples. 

The  listings  for  the  previous  four  examples  provide  a good  Indication 
of  the  transfer  function  analysis  capabilities  and  coding  requirements  of 
SUPER*SCEPTRE.  The  User's  Manual  provides  a much  more  detailed  description 
of  the  program  features  and  Includes  14  mechanical  analysis  examples  and 
5 control  system  examples.  SUPER*SCEPTRE  la  Intended  primarily  for  time- 
domain  analysis,  however,  the  frequency  response  and  pole-zero  locations 
of  Individual  transfer  functions  can  also  be  obtained.  Since  the  frequency 
response  capability  la  limited  to  lndlvidaul  transfer  functions  and  Is  not 
documented  in  the  User's  Manual,  It  is  omitted  from  discussion  In  this  sur- 
vey. 

These  four  sample  problems  are  used  again  in  the  following  sections  to 
Illustrate  the  capabilities  and  coding  requirements  of  the  three  remaining 
programs.  The  types  of  analysis  perforated  on  the  previously  described  vib- 
rational systems  may  be  modified  slightly  from  one  program  to  another.  Nev- 
ertheless, the  figures  and  problem  descriptions  will  not  be  repeated  and  the 
transfer  functions  describing  the  systems  will  remain  unaltered. 


NET-2  NETWORK  ANALYSIS  PROGRAM  [10] 

ate:  Updated  version  released  September,  1973. 

Capability:  Nonlinear  time-domain  response  and  linearized  frequency-domain 

response  of  electrical  networks,  boolean  logic,  linear  transfer  func- 
tions and  control  systems. 

Method:  Transient  solution  obtained  by  fixed  or  variable  step  numerical 

integration  using  a trapezoidal  implicit  Integration  method  with  user 
selected  step  size. 

Limitations  and  Restrictions:  No  polynomial  root  determination.  Transfer 

functions  higher  than  second  order  must  be  represented  by  Intercon- 
necting appropriate  combinations  of  lower  order  transfer  functions  or 
system  elements.  No  automatic  integration  error  control  for  linear 
systems  and  a step  size  must  be  specified. 

Input:  Field-free,  user-oriented  Input  lsnguage.  Transfer  functions  modeled 

by  specifying  mmerator  and  denominator  coefficients  for  any  of  seven 
"built-in"  transfer  function  models.  Electrical  systems  and  control 
systems  specified  by  entering  element  type,  value,  and  Interconnections. 
Boolean  logic  devices  and  system  elements  specified  by  calling  "built- 
in"  models. 

Output:  Time  and  frequency  response  variables  available  for  output  including 

magnitude  and  phase  characteristics  of  transfer  functions.  Solution 
points  printed  In  tabular  format  or  plotted  In  linear,  semllog  or  log- 
log  format. 

Language:  97X  FORTRAN  IV,  3X  Assembler 

Hardware:  Designed  for  CDC  6000  series  with  113-K-words  of  core.  An  IBM 

360/370  version  is  also  available  but  has  not  been  updated  to  reflect 
recent  improvements  and  extended  analysis  capabilities.  The  IBM  version 
requires  400  1-bytes  of  core. 

Usuage:  Originally  released  In  1972  and  currently  operative  at  about  20 

Installations. 

Developer:  Allan  F.  Halnberg 

Braddock,  Dunn  and  McDonald,  Inc. 

6500  Convalr  Road 
El  Paso,  Texas  79925 

Sponsored  by  the  Defense  Nuclear  Agency  Under  Subtask  TC022 

Availability:  CDC  6000  version,  Release  9,  or  IBM  360/370  version.  Release 

8,  and  two  copies  of  tha  User's  Manual  may  be  obtained  by  sending  a 
2400  foot,  1/2  Inch  reel  of  magnetic  tape  to: 

General  Electric  Company  - TEMPO 
ATTN:  DASIAC/ESPIG 

P.  0.  Drawer  QQ 
Santa  Barbara,  Ca.  93102 


In? 
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Tha  tape  aust  be  accompanied  by  a letter  requesting  the  prograa.  The 
aource  prograa  la  classified  CONFIDENTIAL,  and  the  aacurlty  office 
addreaa  to  which  the  tape  la  to  be  ahlpped  auat  be  Included  In  the  re- 
questing lattar. 


NET-2  Prograa  Structure 

NET-2  la  a general  purpose  network  analyala  prograa  which  haa  undergone  ex- 
tensive teatlng  and  ravlalon  over  a period  of  aeveral  yeara.  Nine  eeparate 
releaaea  of  NET-2  have  bean  aada,  the  Boat  recent  lr  September,  1973.  Each 
new  release  haa  Included  revlalona  or  Improvements  to  enhance  the  prograa 
execution  or  analyala  capabilities.  The  features  of  NET-2  which  are  of  In- 
terest In  transfer  function  analysis  Include:  built-in  transfer  function 

aodels,  ayatea  element a,  transient  and  frequency  response  analysis. 

The  bullt-ln  transfer  function  aodele  available  In  NET- 2 are  listed  In 
Table  6,  along  with  their  Input  specification  formats.  The  epeclf lcatlon 
format  Includes  the  transfer  function  naae,  Input  node,  output  node  and  the 
appropriate  coefficients.  The  transfer  function  naaea  aay  seem  unusual, 
bit  they  actually  contain  information  about  tha  fora  of  the  transfer  function 
they  represent.  For  exaaple,  XFCPn  la  an  acronym  of  aorta  for  a transfer 
function  with  complex  poles.  The  lower  case  n at  tha  end  of  the  transfer 
function  name  represents  a user-derived  alphanumeric  suffix  that  must  begin 
with  a number.  If  a transfer  function  does  not  have  the  fora  of  one  of  the 
bullt-ln  aodele,  then  It  auat  be  represented  in  eoae  other  Banner.  One 
possible  representation  for  a higher  order  transfer  function  la  to  factor 
the  transfer  function  to  obtain  a product  of  lower  order  teras.  Each  tarm 
can  then  be  represented  by  a built-in  aodel  and  the  aodels  can  be  connected 
in  aerlea  to  fora  tha  overall  tranafer  function. 


Table  4 NET-2  transfer  function  nodala 


TRANSFIX  FUNCTION 

INPUT  FOUHAT 

1 

a ♦ a 

XFPn 

IN  OUT  a 

• ♦ « 

• + b 

XFZPn 

IN  OUT  a,b 

s 

a + a 

XFSPn 

IN  OUT  a 

1 

s2  + as  + b 

XFCPn 

IN  OUT  a,b 

a + a 

a2  + bs  + c 

XFZCPn 

IN  OUT  a.b.c 

a2  + as  + b 

(s  + c)  (a  + d) 

XFCZDPn 

IN  OUT  a,b,c,d 

a2  + as  + b 
s2  + ca  + d 

XFCZCPn 

IN  OUT  a,b,c,d 

Any  one  of  the  bullt-ln  tranafer  function  aodele  provided  In  MIT-2  aay  be 
represented  dlagraaaatlcally  as  shown  In  Fig.  19.  Mote  that  the  tranafer 
function  aodel  possesses  two  tsrmlnala  or  nodes.  Before  presenting  appli- 
cations for  the  transfer  function  nodal,  the  MIT-2  Input  language  la  de- 
scribed. 

The  Input  language  la  organised  as  a aeries  of  entries,  with  each  entry  com- 
posed of  one  or  wore  lines.  The  various  lines  era  written  at  specified  Inden- 
tation levels  so  the  complete  Input  has  the  appearance  of  an  outline  fora. 
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The  first  line  of  sn  entry  always  starts  at  the  left  aargln  and  any  sub- 
sequent lines  of  the  entry  begin  at  the  first  level  of  Indentation  or  higher 
Eleaents  are  entered  by  specifying  their  syabollc  naaes  with  user-derived 
suffixes  added  to  Insure  uniqueness.  In  addition  to  specifying  the  desired 
transfer  functions  and  forcing  function,  one  or  aore  STATEn  entries  Bust  be 
Included  to  specify  the  type  of  analysis  and  outputs  deslrad.  The  following 
exaaples  will  Illustrate  the  exact  fora  for  these  entries.  Since  bullt-ln 
■ode Is  are  not  available  for  transfer  functions  of  degree  greater  than  two, 
the  systeas  of  Exaaples  2 and  3,  with  transfer  functions  of  degree  8 and  4 
respectively,  are  not  analysed. 


Fig.  19  NET-2  transfer  function  aodel 


Exaaple  5 NET-2  Analysis  of  a Second-Order  Systsa  with  Forced 
Vibrations 

In  this  exaaple,  the  tranalent  response  and  the  frequency  reaponse  of  the 
aprlng-auspended  aotor  of  Exaapla  1 are  required.  The  transfer  function  for 
the  aystea  la  given  by  Eq.  (23) 

*(«)  . 1 (23) 

s2  + 10s  + 100 


The  NET- 2 transfer  function  aodel  and  forcing  function  corresponding  to  Eq. 
(23)  are  shown  In  Fig.  20. 


Fig.  20  NET-2  rapraasntatlon  for  the  spring-suspended  aotor 


The  Input  forcing  function  Is  rsprsssntsd  In  NET-2  by  a voltage  source.Vl. 
The  transfer  function  corresponds  to  the  fourth  entry  In  Table  4 with  a ■ 10 
and  b - 100.  The  nods  numbers  are  arbitrarily  assigned,  except  for  the  sero- 
node  designation,  which  aust  be  assigned  as  shown.  The  coaplete  NET-2  list- 
ing for  this  exaaple  Is  presented  In  Fig.  21. 

XFCF1  1 2 10,100 
XI  - .1*SIN(62*TUB) 

VI  1 0 XI 
STATI1 

TUB  0 (100)  .3 

PUNT  N(2) 

plot  n(2) 

PLOT  N(l) 

STATU 

FNXQ  .16  (30*)  16 

PUNT  A(2-0/l-0)  A'  (2-0/1-0) 

PLOT  LINL00  A(2-0/l-0)  A'(2-0/l-0) 

END 


Fig.  21  NET-2  prograa  Hating  for  the  spring-suspended  aotor 
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The  first  entry  in  the  listing  specifies  that  the  bullt-ln  transfer  function 
XFCP1  Is  coinectea  with  1 as  the  input  node,  2 as  the  output  node.  The  value 
of  coefficients  a and  b are  10  and  100  respectively.  The  second  entry,  XI, 

Is  a mathematical  expression  describing  the  sinusoidal  Input.  The  third 
entry  specifies  the  node  connections  for  the  voltage  source,  VI,  and  indi- 
cates Its  value  la  given  by  the  mathematical  expression,  XI. 

The  Information  following  the  STATE1  entry  is  Included  to  obtain  the 
time  response  of  the  system.  The  numbers  following  the  TIKE  specification 
Indicate  a simulation  start  time  of  0,  and  a stop  time  of  .5,  with  100 
equally  spaced  Increments  or  time  steps  taken  by  the  Integration  routine  to 
reach  the  desired  stop  time.  There  are  several  other  methods  for  specifying 
the  simulation  stop  time  and  Integration  step  sixes.  The  simulation  can  be 
divided  Into  a number  of  segments,  each  with  a different  step  slxe.  Also, 
specific  time  points  at  which  the  response  Is  to  be  computed  can  be  entered. 
Another  method,  which  la  illustrated  in  the  next  example,  Is  to  provide  a 
maximum  step  size  and  a termination  condition.  The  crucial  consideration 
In  any  of  these  methods  is  to  Insure  that  the  step  size  is  not  ac  large  that 
significant  integration  errors  are  Introduced.  Since  there  Is  no  bullt-ln 
control  of  the  Integration  error  when  simulating  linear  systems,  a poor 
choice  for  Integration  step  size  may  lead  to  significant  integration  errors. 
On  the  other  hand,  an  arbitrarily  small  step  size  may  result  In  excessive 
computer  execution  time.  An  optimum  step  size  can  usually  be  determined  from 
a knowledge  of  the  system  eigenvalues,  or  by  making  several  runs  to  asaesa 
the  effect  of  different  etep  sizes. 

The  PRINT  N(2)  entry  produces  a printed  Hating  of  the  variable  at  node 
2 as  a function  of  time.  The  PLOT  entries  produce  linear  plots  of  the  In- 
dicated node  variables  as  a function  of  time. 

The  information  following  the  STATE2  entry  is  included  to  obtain  the 
frequency  response  of  the  system.  The  numbers  following  the  FREQ  specifi- 
cation Indicate  an  Initial  frequency  of  .16  hertz,  a final  frequency  of  16 
hertz  and  50  intermediate  frequency  steps.  The  asterisk  Indicates  that  the 
frequency  steps  are  to  be  logarithmic.  The  PRINT  entry  requests  the  mag- 
nitude and  phase  of  the  transfer  function  as  a function  of  frequency.  The 
symbol  A Indicates  magnitude,  while  the  symbol  A'  indicates  phase.  The 
numbers  In  parentheses  indicate  the  node  pairs  for  which  the  magnitude  and 
phase  ratios  are  desired.  Thus  A(2-0/l-0)  represents  the  magnitude  of  the 
variable  at  node  2 (referenced  to  node  0),  divided  by  the  magnitude  of  the 
variable  at  node  1 (referenced  to  node  0).  The  PLOT  entry  is  similarly  form- 
ulated and  Includes  a request  for  a semilog  plot. 


Example  6 NET-2  Analysis  of  a Piecewlse-Llnear  System 

The  transient  response  of  the  plecewlas-llnear  system  described  in  Example 
k can  be  obtained  using  NET-2.  The  technique  of  representing  the  system  in 
terms  of  a feedback  control  system  is  again  employed.  The  control  system 
configuration  for  this  system  Is  shown  In  Fig.  22. 


Fig.  22  Feedback  control  system  representation  for  the  plecewlse-llnear  system 
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Notice,  however,  that  the  transfer  function  for  the  aaaa,  a , does  not  con- 
fora  to  any  of  the  forms  Hated  in  Table  4.  Fortunately,  since  ■ * corre- 
sponds to  integration  In  the  tlae-doaaln,  the  transfer  function  can  be  repre' 
sented  by  two  Integrators  connected  in  series.  The  resulting  configuration 
la  shown  In  Fig.  23. 


INTI  1NT2 


The  format  for  specifying  an  Integrating  element  in  NET-2  la, 
INTn  IN  OUT  K 


where: 


INTn  - 
IN  • 
OUT  - 

K • 


symbolic  naae 
Input  node 
output  node 

integrating  gain  factor 

The  sunning  Junction  shown  In  Fig.  23  Is  represented  In  NET-2  by  a SUM  ele- 
ment. The  SUM  element  may  have  as  many  Inputs  aa  dealred  and  one  output, 
which  la  the  algebraic  aua  of  all  Inputs.  The  specification  format  la, 

INI 


SUMn  OUT 


IN2 


where 


SUMn  ■ symbolic  naae 
OUT  * output  node 

INI,  IN2  - Input  nodes  (a  minus  sign  prefix  Indicates  subtraction) 

The  dead  band  characteristic  la  represented  using  the  TABF  element.  This 
element  delivers  a quantity  at  the  output  node  which  is  an  empirical  func- 
tion of  the  input  node  quantity.  The  eaplrlcal  function  is  specified  by  a 
table  of  order  pairs  of  data  points.  The  specification  format  la, 

TABFn  TABLE*  OUT  IN 

where:  TABFn  - symbolic  naae 

TABLEm  - table  naae 
OUT  • output  node 
IN  - Input  node 

Utilising  the  three  system  slaasnts  described  above,  the  NET-2  listing  for 
the  placevlse-linear  system  Is  formulated  as  shown  In  Fig.  24.  The  ordered 
pairs  of  data  points  In  TABLE  1 are  sufficient  to  describe  the  deed  band  cha- 
racteristic. Each  line  of  a TABLE  entry  is  one  ordered  pair  of  data  points. 
The  first  point  Is  the  Independent  variable  and  the  second  point  Is  the  de- 
pendent variable.  The  Independent  variable  In  TABLE  1 Is  automatically  Iden- 
tified by  NET-2  as  the  variable  at  the  Input  node  to  the  TABF  element.  The 

dependent  variable  In  TABLE  1 la  the  variable  associated  with  the  output  node 
of  the  TABF  element.  Linear  Interpolation  Is  employed  to  determine  the  value 
of  the  dependent  variable  when  the  value  of  the  Independent  variable  falls 
between  two  of  the  specified  data  points.  It  Is  apparent  that  the  TABF  ele- 
aent  can  be  used  to  represent  any  number  of  plece-wise-llnear  characteristics. 
The  value  of  the  Input  voltage  source,  VI,  la  determined  from  TABLE  2.  TABLE 

2 la  Included  to  describe  the  Input  to  the  system,  which  is  a pulse  and  Is 

therefore  not  easily  represented  In  a mathematical  expression.  TIME  Is  ex- 
plicitly declared  as  the  Independent  variable  of  TABLE  2.  Two-dimensional 
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table*  are  also  permitted  in  NET-2,  but  not  required  for  theae  example*. 


INTI  231 
INT2  341 
SUM1  21-3 
TABF1  TABLE 1 5 4 
TABLE 1 

-52  -50 

-2  0 

2 0 

52  50 

VI  1 0 TABLE2 (TINE) 

TABLE2 

0 0 

0 1 

1 1 

1 0 

10  0 

TERMINATE  - TIME- 20 
MAXSTEP  - .2 
STATE 1 
PLOT  N(l) 

PLOT  N(2) 

END 

Fig.  24  NET-2  program  Hating  for  th*  piacewiae-linaar  ayatem 


The  TERMINATE  entry  provide*  a method  for  terminating  a aiaulatlon  if 
a apedfled  condition  la  met.  The  general  form  of  the  TERMINATE  entry  la: 

TERMINATE  • value, 

where  value  la  any  mathematical  expreaelon.  Termination  occura  aa  aoon  aa 
the  value  of  the  mathematical  expraealon  be  coma  a greater  than  xero.  Any 
time  a TERMINATE  entry  la  Included  in  a run,  a tranalant  reaponaa  computation 
la  begun  and  terminated  whenever  the  termination  value  becoawa  poaltlve.  In 
thla  example,  the  a leu  la  t ion  will  terminate  when  the  value  of  TIME  exceeda  20. 
TIME  la  automatically  incremented  during  tha  elmulatlon  after  each  integra- 
tion atep.  However,  a MAXSTEP  entry  auat  be  Included  to  limit  the  maximum 
atep  alee  that  la  takan. 

The  deelred  output  quantltlea,  in  the  form  of  node  varlablea  are  ra- 
queated  in  plotted  format  under  the  STATI1  entry.  Tha  variable  at  node  1 
repreaenta  the  input  force  and  tha  Variable  at  node  2 rapreaanta  tha  output 
dlaplacament  of  the  maaa.  Th*  completed  liatlng  la  terminated  with  an  END 
card. 

The  lletlnga  for  Examp  lea  5 and  6 provide  a good  indication  of  the  trana- 
far  function  analyale  capabllltlea  and  coding  raqulramente  of  NET-2.  The 
Uaer'a  Manual  lncludea  a more  comprahenalve  diacuaalon  of  the  STATKn  entry 
and  the  many  poaalbla  format*  for  generating  famUle*  of  output  data  curve*. 
Additional  ayatam  element*  are  alao  dlacuaaed  and  on*  example  la  preaanted 
that  uaaa  aeveral  of  th*  ayatam  element*.  However,  no  epedflc  tranafar 
function  or  control  ayatam  example*  ar*  Included  in  the  manual. 


Symbolic  Network  Analyala  Program  (SYKAP)  [11,  12] 

Data i July,  1973* 

Capability i Tlme-doautln  reaponaa,  fraquancy-dowaln  reaponaa,  aenaltlvltlea , 
and  pole-aero  location*  of  linear  electrical  network*  and  tranafer 
function*. 

Mathod;  Tranalant  reaponaa  obtained  for  tranafar  function*  by  computing  the 
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Invent  Laplace  transform  and  evaluating  the  reeultlng  function  et  the 
epeclfled  polnta  In  tlae. 

Limitations  and  Restrictions;  Trane lent  reaponae  for  step,  rasp,  and  pulae 
Input e only.  No  plota. 

Input:  Field-free , uaer-orlented  Input  language.  Tranafer  functlona  nodeled 

by  epeclfylng  numerator  and  denoalnator  coefficient!  and  the  degree  of 
their  aaaoclated  e-ten.  Linear  electrical  networka  epeclfled  by  enter- 
ing eleaent  typea,  veluee,  and  Interconnections. 

Output:  Transient  reaponae,  frequency  reaponae,  and  sensitivities  nay  be 

printed  In  tabular  forn.  Poles  and  aeroa  of  tranafer  functions  nay  be 
requested. 

Language : FORTRAN 

Hardware:  Designed  for  CDC  6000  series  with  lOO.K-worde  of  core,  use  of 

dynamic  allocs  tic  . rakes  core  requlrmsents  Job  dependent. 

Usuage:  Currently  operative  at  several  Installations.  Technical  manual  a- 

vallable  from  NTIS  [11]. 

Developers:  B.  A.  Haas,  E.  J.  Mock,  J.  R.  Flatacchl 

TRW  Systems  Group 
Rendondo  Beach,  California 

Sponsored  by  the  Defense  Nuclear  Agency  under  Program  Element  61102H, 
Project  WDNE1301 , Subtask  TC022. 

Availability:  SYNAP  la  approved  for  public  releaaa  and  can  be  obtained  by 
sending  a 1/2  Inch  magnetic  tape  and  letter  of  request  to: 

AFVL/ELP 

Air  Force  Systems  Command 
Kir t land  AFB 
New  Mexico  87117 
Attn:  SCEPTRE  Project  Officer 


SYNAP  Program  Structure 

SYNAP  wae  developed  to  provide  e mathematical  modeling  capability  to  the  Air 
Force  Weapons  Laboratory  system  analysis  cods,  and  a mathematical  Interface 
to  currently  available  circuit  analysis  codes  such  as  SCEPTRE.  The  program 
derives  literal  or  numeric  transfer  functions  for  linear  electrical  networks 
and  also  analyses  user-defined  transfer  functions.  The  program  has  not  had 
extensive  use  but  seems  to  perform  reliably. 

A transfer  function  modal,  or  "branch"  as  It  Is  ref i ».  to  In  SYNAP, 
nay  be  represented  dlagraamatlcally  as  shown  In  Fig.  25.  »~te  that  the 
transfer  function  model  ot  branch  possesses  only  two  nodes. 


Fig.  25  SYNAP  transfer  function  nodal 


A field-free,  uaer-orlented  input  language  Is  provided  for  describing  the 
transfer  functions,  desired  outputs,  and  analysis  modes  to  the  SYNAP  program. 
For  topological  circuit  descriptions,  the  Input  language  la  Identical  to  the 
8CEPTRE  Input  language.  For  transfer  function  descriptions,  the  language 
consists  of  the  headings  and  subheadings  shown  In  Table  5. 

Table  5 STRAP  Headings  snd  Subheadings 

1.  GRAPH  DESCRIPTION 

BRANCHES 
VALUES 
OUTPUTS 
SENSITIVITIES 
RUN  CONTROLS 

2.  END 


.12 


SHOCK  AM)  VIHKAI ION  COMPUTER  PROGRAMS 


The  GRAPH  DESCRIPTION  heading  la  required  whenever  one  or  more  transfer 
functions  are  specified  for  analysis.  The  coefficients  and  node  connections 
for  each  transfer  function  are  apecifled  under  the  BRANCHES  subheading.  The 
general  format  for  specifying  a transfer  function  under  the  BRANCHES  subhead- 
ing la: 

INPUT  NODE  - OUTPUT  NODE  (NUMERATOR/DENOMINATOR) 

The  nuaerator  coefficients  must  be  specified  first  and  separated  from  the  de- 
nominator coefficients  by  a slash.  Within  the  numerator  or  denominator  spec- 
ifications, the  coefficient  may  be  entered  in  any  desired  order,  but  each 
coefficient  must  be  Immediately  followed  by  a number  Indicating  the  degree 
of  the  associated  s-term.  Symbolic  names  say  be  used  to  represent  some  or 
all  of  the  coefficients.  Symbolic  names  are  required  in  order  to  compute  the 
sensitivity  of  a transfer  to  changes  In  the  numerator  or  denominator  coeffi- 
cients. The  sensitivities  are  obtained  by  computing  the  partial  derivative 
of  the  transfer  function  with  respect  to  the  Indicated  symbolic,  or  literal, 
coefficients.  The  coefficient  terms  can  also  be  expressed  as  s product  of 
literals  and  numbers. 

The  VALUES  subheading  is  used  to  specify  the  actual  value  of  any  literal 
coefficients.  The  value  of  all  literals  must  be  specified  In  order  to  obtain 
a transient  or  frequency  response  run.  The  remaining  subheadings  are  de- 
scribed In  the  following  examples.  These  examples  also  provide  a clear 
Indication  of  the  format  for  each  entry. 


Example  7 SYNAP  Analysis  of  s Second-Order 
System  with  Forced  Vibrations 

Several  of  the  transfer  function  analysis  capabilities  of  SYNAP  are  Illu- 
strated In  the  following  analysis  of  the  spring-suspended  motor  of  Example 
1.  The  transfer  function  relating  motor  displacement  to  applied  force  Is 
given  by  Eq.  (24). 


I 


F(S) 


e + 10s  + 100 


(24) 


The  corresponding  SYNAP  model  for  this  transfer  function  la  represented  dla- 
gramatlcally  In  Fig.  26.  No  additional  elements  or  sources  are  required  by 
SYNAP  to  simulate  the  complete  system.  Arbitrary  node  numbers  are  assigned 
to  each  of  the  two  model  nodes.  The  actual  coefficient  of  the  second  term 
In  the  denominator  of  ths  transfer  function  is  replaced  by  an  arbitrary  sym- 
bolic noma,  Kl.  The  substitution  of  a symbolic  Mac  In  place  of  the  actual 
coefficient  permits  computation  of  the  sensitivity  of  the  transfer  function 
to  changes  In  tha  coefficient  value.  Symbolic  names,  or  literals,  may  be 
substituted  for  any  of  the  coefficients  In  order  to  compute  the  corresponding 
sensltlvltlas. 


I 
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\ 

1 

s^HtlS+100 

Fig.  26  SYNAP  model  for  the  spring-suspended  motor 


The  SYNAP  listing  for  this  sxsmpls  la  presented  In  Fig.  21.  Ths  Input  node 
and  output  nods  of  tha  transfer  function  model  are  specified  under  the 
BRANCHES  subheading  of  the  GRAPH  DESCRIPTION.  Following  the  node  specifica- 
tion, and  snclosad  by  parenthesis,  the  coefficients  of  the  transfer  function 
are  specified.  The  numerator  coefficients  are  separated  from  the  denominator 
coefficients  by  a slash.  Each  coefficient  entry  Is  iwedlstely  followed  by 
an  entry  specifying  the  degree  of  the  s-term  associated  with  that  coefficient 
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GRAPH  DESCRIPTION 

BRANCHES 

1-2(1, 0/1, 2. Kl, 1,100,0) 

OUTPUTS 

2/1 

VA1UES 

Kl-10 

SENSITIVITIES 

Kl 

RUN  CONTROLS 
TRANSIENT  RESPONSE-STEP 
STOP  TIME-5 
STEP  SIZE-. 01 
INITIAL  FREQUENCY-. 16 
FINAL  FREQUENCY- 16 
FREQUENCY  STEP-. 16 
END 

Fig.  27  SYNAP  program  Haling  for  tha  aprlng-auapandad  bo  Cor 

The  entry  under  the  OUTPUTS  aubheadlng  request!  the  output  of  the  transfer 
function  between  nodes  1 and  2,  where  2 la  the  output  and  1 la  the  Input.  In 
this  example,  no  other  entry  under  OUTPUTS  la  possible. 

The  VALUES  aubheadlng  la  uaed  to  specify  the  actual  value  of  the  co- 
efficient represented  by  Kl.  The  actual  value  la  required  for  computation 
of  the  transient  and  frequency  responses.  Specification  of  Kl  under  the 
SENSITIVITIES  aubheadlng  results  In  computation  of  the  aenaltlvlty  of  the 
transfer  function  to  changes  In  Kl,  expressed  In  terns  of  the  real  and 
Imaginary  parts.  The  sensitivity  Is  computed  at  each  fre  tncy  point  In- 
cluded In  the  frequency  response  solution. 

The  RUN  CONTROLS  subheading  Includes  requests  for  both  a transient  and 
a frequency  response  computation.  In  the  original  statement  of  the  problem, 
the  forcing  function  for  this  system  was  shown  to  be  sinusoidal.  However, 
SYNAP  can  compute  the  transient  response  only  for  a step,  ramp,  or  pulse 
forcing  function.  The  step  response  Is  requested  In  this  example  merely 
to  Illustrate  the  required  format.  The  step  Input  will  be  applied  to  nods 
1,  since  It  Is  Implied  as  the  Input  node  In  the  specifications  under  both 
the  BRANCHES  aubheadlng  and  the  OUTPUTS  subheading.  The  transient  response 
Is  obtained  by  computing  the  Inverse  Laplace  transform  of  the  transfer 
function  at  specified  Intervals.  Since  numerical  Integration  la  not  used 
to  obl-ln  the  transient  response,  the  STEP  SIZE  entry  merely  determines  the 
values  of  time  for  which  the  response  la  computed.  The  step  sire  does  not 
Influence  the  accuracy  of  the  transient  response  solution.  If  no  step  sire 
Is  specified,  the  Indicated  STOP  TIKE  Is  divided  Into  ten  equal  sire  In- 
crements to  provide  ten  solution  points.  The  frequency  response  Is  requested 
by  entering  the  desired  Initial  frequency,  final  frequency,  and  frequency  step 
sire. 

The  output  produced  by  STRAP  consists  of  printed  data  only.  The  trans- 
ient response  data  consists  of  a tabular  listing  of  the  transfer  function 
output  as  a function  of  time.  The  frequency  rssponse  output  conslats  of  a 
tabular  listing  of  the  magnitude  and  phase  of  the  transfer  ratio  as  a func- 
tion of  frequency.  The  eenaltlvlty  output  collate  of  the  real  and  Imaginary 
parts  of  the  sensitivity  function  c«put?d  at  sach  point  of  the  frequency 
response . 


Example  8 STRAP  Analysis  of  a Torsional  System 
with  Four  Degreee  of  Freedom 

The  transient  response  and  pole-aero  locations  of  tha  torsional  system  de- 
scribed in  Example  2 are  obtained  using  STMAP.  A step  torque  Is  applied  as 
before  with  the  transient  response  desired  for  the  first  10  seconds.  The 
transfer  function  relating  angular  velocity  to  applied  torque  la  given  by 
Eq.  (25). 
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fl(a) a (25) 

T(,)  32e8  + 112a8  + 128a4  + 52a2  + 3 

The  angular  velocity  auet  be  Integrated  to  alao  obtain  angular  dlaplaceaent, 
and  the  coaplete  SYNAP  model  la  ahown  In  Fig.  28. 


1 

a 

2 

1 

3 

32a8  + 112a6  + 128a1*  + 52a2  + 3 

8 

fig.  28  SYNAP  modal  for  tha  toralonal  ayatam 

The  program  Hating  for  thla  example  la  praaantad  In  Fig.  29.  Two  entrlaa 
are  required  under  the  MAHCHES  aubheadlng,  one  for  each  tranafer  function. 
Only  even  powera  of  a occur  In  the  denominator  of  tha  flrat  tranafer  function, 
end  no  conalderatlon  la  raqulrad  for  tha  mlaalng  odd  tarma  when  apedfylng 
the  tranafer  function  coaffldenta. 

GRAPH  DESCRIPTION 
BRANCHES 

1- 2(1,1/32,8,112,6,128,4,52,2,3.0) 

2- 3(1, 0/1,1) 

OUTPUTS 

2/1,  3/1 
RUN  CONTROLS 
TRANSIENT  RESPONSE-STEP 
STOP  TIME-  10 
STEP  SIZE-.l 
PRINT  POLES 
END 

Fig.  29  SYNAP  program  llatlng  for  the  toralonal  ayatem 

The  flrat  entry  under  tha  OUTPUTS  aubheadlng  requeeta  the  value  of  the  out- 
put variable  at  noda  2,  which  rapreaenta  angular  velocity,  aa  determined  by 
applying  the  input  atep  to  node  1.  Similarly,  the  aecond  entry  requeata  tha 
value  of  the  output  variable  at  node  3,  which  rapreaenta  tha  angular  dla- 
placeaent, aa  determined  by  applying  the  Input  atep  to  node  1.  In  addition 
to  computing  tha  output  at  node  3,  SYNAP  alao  coaputaa  and  prlnta  the  over- 
all tranafer  function  between  node  1 and  node  3.  Every  output  requeat  auto- 
matically producee  a print-out  of  the  overall  tranafer  function  between  the 
two  nodea  apeclflad  In  tha  output  requeat.  Thla  feature  permlta  complicated 
overall  tranafer  functlona  to  be  derived  for  a ayatem  repreaented  by  aeveral 
elmpler  tranafer  functlona.  For  example,  tha  linear  aprlng-naaa  ayatem  dle- 
cuaaed  In  Example  A wat  repreaented  by  two  almple  tranafer  functlona  which 
were  then  Interconnected  In  a feedback  arrangement  to  repraaant  the  complete 
ayatam.  The  overall  tranafer  function  for  the  linear  ayatem  could  be  ob- 
tained with  SYNAP. 

The  flrat  three  entrlea  under  the  RUN  CONTROLS  aubheadlng  wore  de- 
acrlbed  In  Example  7.  The  entry  PRINT  POLES  will  cauae  tha  aeroa  and  polee 
of  tha  tranafer  functlona  to  be  computed  and  printed. 


Example  9 SYNAP  Analyala  of  a Sprlng-Maae-Damper  Syatem  with  TWO 
Da  greet  of  Freedom 

The  aprlng-maae-dampat  ayatem  of  Example  3 , which  waa  previously  enalyied  In 
tha  time-domain  ualog  tha  MECHANICAL  DESCRIPTION  of  8UPER*SCEPTRB,  la  now 


TRANSFER  FUNCTION  ANAl.YSIS 


33 


analysed  ualng  the  tranafer  function  approach  of  SYNAP.  The  previously  de- 
rived tranafer  function  la  given  by  Eq.  (26). 

X(») a2  + 10a  4-  1000 .... 

F(a>  * 3 2 

1000a*  + 10060a J + 101500s^  + 61000a  + 100000 

The  SYNAP  aodel  for  Eq.  (26)  conalata  of  a alngle  tranafer  function  block  or 
branch  aa  ahown  In  Fig.  30.  Arbitrary  node  nuabera  are  aaalgned  aa  before. 


s2+10s+1000 

2 

> » - 

1000a  4+10060s  3+101 500a  2+6 1000a+10000 

Fig.  30  SYNAP  aodel  for  the  iprlng-aaaa-daaper  ayetaa 


In  addition  to  computing  the  tranalent  response,  the  frequency  response  and 
pole-aero  locations  ara  alao  determined.  The  appropriate  prograa  listing  la 
presented  In  Tig.  31.  The  entries  under  each  subheading  are  slailar  to  the 
entries  described  for  Examples  7 and  8.  The  frequency  response  data,  entered 
under  the  RUN  CONTROLS  subheading.  Includes  a FREQUENCY  MULTIPLIER  specifi- 
cation. Tbs  FREQUENCY  MULT1PLT1K  specification  can  ba  uaad  In  place  of,  or  In 
conjunction  with, the  FREQUENCY  STEP  specification.  When  only  the  frequency 
multiplier  la  specified,  each  new  frequency  step  la  determined  by  multi- 
plying the  previous  value  of  the  frequency  by  the  frequency  multiplier. 

GRAPH  DESCRIPTION 
BRANCHES 

1-2(1, 2,  10,1,  1000,0/1000,4,  10060,3,  101500,2,  61000,1, 

100000,0) 

OUTPUTS 

2/1 

RUN  CONTROLS 

TRANSIENT  RESPONSE  - STEP 
STOP  TIME  - 10 
STEP  SIZE  - .1 
INITIAL  FREQUENCY  - .01 
FINAL  FREQUENCY  - 2 
FREQUENCY  MULTIPLIER  - 20 
PRINT  POLES 
END 

Fig.  31  SYNAP  prograa  listing  for  the  sprlng-aass-daaper  system 


A aolutlon  for  the  deed-band  problem  of  Example  4 can  not  be  obtained  with 
SYNAP.  The  SYNAP  program  is  raetrlcted  to  linear  systems  and  has  no  pro- 
visions for  the  formulation  of  placawlae-llnaar  models.  However,  the  list- 
ings for  the  previous  three  enables  provide  a good  Indication  of  the  trans- 
fer function  analysis  capabilities  and  coding  requirements  of  STRAP.  Four 
of  the  examples  In  the  User's  Manuel  deal  solely  with  the  analysis  of  user- 
specified  transfer  functions.  The  manual  examples  also  Include  sample 
listings  from  each  run. 


CONTINUOUS  SYSTEMS  MODELING  PROCRAM  III  (CSX?  Ill)  [13,14] 

Datei  Updated  version  released  about  1971. 

Capability!  Nonlinear  transient  response  of  continuous  systems  rspresented 
by  algebraic  equations,  differential  equations  and  various  functional 
blocks. 


J6  SHOCK  AND  VIRRATION  COMPUTER  PROGRAMS 

Method:  Numerical  integration  of  the  system  equation*  with  a choice  of  five 

fixed  atep  routines  (rectangular,  trapezoidal,  Simpson's,  eecond-order 
Adaas,  Runge-Kutta) , two  variable  atep  routlne*(fourth-order  Runge- 
Kutta,  fifth-order  Milne  predictor-corrector)  and  a routine  for  stiff 
equation*. 

Limitations  and  Restrictions:  No  frequency  reaponae  or  polynomial  root  de- 

termination. 

Input:  Field-free,  uaer-oriented  Input  language.  Transfer  functions,  mathe- 

matical functions,  and  boolean  logic  represented  by  functional  blocks. 
Numerstor  and  denominator  coefficients  entered  In  appropriately  dimen- 
sioned arrays. 

Output:  The  Inputs  or  outputs  of  any  functional  block  may  be  requested  as 

output.  Solution  points  printed  In  tabular  format  and  linear  or  log 
plots  as  functions  of  the  Independent  variable,  time. 

Language:  FORTRAN  IV  and  IBM  Assembler. 

Hardware:  Designed  for  IBM  360/370  with  a minimum  partition  of  102K -bytes 

of  core. 

Usage:  CSMP  III  la  an  extended  version  of  CSMP  S/360  end  has  been  used  ex- 

tensively in  many  scientific  and  engineering  applications.  Technical 
manual  available  [13]. 

Developers:  IBM  Program  Product 

Availability:  CSMP  III  la  distributed  on  a rental  basis  for  $91/mo. ($3A6/mo. 

with  Interactive  graphic  feature) . Inquiries  and  arrangements  for 
program  rental  should  be  conducted  through  the  nearest  IBM  sales  office. 


CSMP  III  Program  Structure 

CSMP  III  Is  a general  purpose  program  for  simulating  the  dynamic  response  of 
continuous  systems.  CSMP  III  is  an  extended  version  of  the  CSMP  - S/360 
program,  released  by  IBM  about  1967.  Since  Its  release,  CSMP  - S/360,  and 
later  CSMP  HI,  has  been  used  extensively  In  numerous  scientific  and  engi- 
neering applications.  Systems  are  represented  in  CSMP  III  through  the  use 
of  function  blocks  which  perform  operations  such  as  Integration,  differen- 
tiation, function  generation  and  logical  operations.  Thare’  are  62  built-in 
function  blocks.  Mew  function  blocks  may  be  created  through  various  com- 
binations of  standard  blocks  or  FORTRAN  subroutines.  Only  a few  of  the 
standard  function  blocks  are  required  In  the  examples  that  follow. 

The  transfer  function  block  provided  In  CSMP  III,  as  well  as  many  of 
the  other  function  blocks,  is  represented  dlagraanatlcally  as  shown  In  Pig. 
32.  The  input  and  output  arc  represented  by  arbitrary  symbolic  names,  in 
this  case  P and  X respectively.  There  are  never  any  nodes  or  nods  numbers 
associated  with  CSMP  III  function  blocks. 


Fig.  32  CSMP  HI  transfer  function  block 


CSMP  III  employs  a field-free,  user-oriented  Input  language  that  follows  the 
standard  format  established  for  continuous  system  simulation  languages  [13]. 
A CSMP  HI  program  may  be  comprised  of  three  primary  segments: 

1.  INITIAL 

2.  DYNAMIC 

3.  TERMINAL 

The  INITIAL  segment  la  used  exclusively  for  the  computation  of  Initial  con- 
dition values  prior  to  beginning  the  transient  computations.  Similarly,  the 
TERMINAL  segment  Includes  computations  that  are  performed  only  after  com- 
pletion of  a transient  computation.  Tbs  INITIAL  sad  THXINAL  segments  are 
optional  and  ars  not  required  In  any  of  the  examples  that  follow.  Tbs 
DYNAMIC  segment  Includes  the  complete  description  of  the  system  dynamics  and 
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aust  always  be  Included.  Within  the  DYNAMIC  segaent,  atateaenta  describing 
the  required  function  blocks  are  entered.  In  general,  a atateaent  consists 
of  a variable  equated  to  a function  block  or  soae  coablnation  of  function 
blocks.  The  repreaentatlon  for  a function  block  consists  of  the  function 
naae  and  one  or  aore  arguaents,  as  required  by  the  function.  For  example, 
the  general  fora  for  specifying  an  Integrator  is: 

Y - TKTCRL(IC,X) 

where  Y ■ Integral  or  output 
INTGRL  - function  naae 
IC  - initial  condition 
X - integrand  or  input. 

The  function  block  for  a transfer  function  is  specified  in  a similar  manner. 
However,  two  additional  entries  are  required;  the  STORAGE  and  TABLE  entries. 
Let  the  general  form  of  a transfer  function  be  defined  by  Eq.  (27). 


a) 


z by  + bn 

i-i  J " + 1 


(27) 


Then  the  format  for  specifying  a transfer  function  block  is: 

Y - TRANSF  (N,  B,  M,  A,  X) 

STORAGE  B(IH-l),  A(M+1) 

TABLE  B(1  - (N+1J)  - B(l) , B(2) B(H+1)... 

A(1  - (K+U)  - A(l) , A(2) A(M+1) 

where  Y - output 

TRANSF  ■ function  name 

N - highest  degree  of  denominator 

B - an  array  in  which  the  denominator  coefficients  are  stored 
M - highest  degree  of  numerator 

A - an  array  in  which  the  numerator  coefficients  are  stored 
X • input 

STORAGE  - indicates  tha  array  dimensions  follow 
TABLE  - indicates  the  array  naaes  and  corresponding  coefficients  follow. 
In  addition  to  specifying  tha  function  blocks  required  in  a simulation,  state- 
ments specifying  the  desired  outputs  and  run  control  data  are  entered.  The 
exact  format  for  these  specifications  is  Illustrated  in  the  following  exaaples 

Exaaple  10  CSMP  III  Analysis  of  a Second-Order  System 
with  Forced  vibratlona 


The  transient  reeponse  of  the  spring-suspended  motor  of  Example  1 is  desired 
for  a period  of  O.S  seconds  after  application  of  tha  sinusoidal  forcing 
function.  The  transfer  function  describing  the  system  la  restated  in  Eq.  (28) 


X (»)  . 1 (28) 

a2  ■»  10s  + 100 


The  CSMP  III  function  block  corresponding  u>  Eq.  (28)  aay  be  represented  as 
shown  in  Fig.  33.  The  input  force  is  represented  by  the  variable  naae  F,  and 
the  output  displacement  is  represented  by  tha  variable  naae  X. 


F 


1 

s2+10e+100 


X 


Pig.  33  CSMP  III  representation  for  tbs  sprlng-auspanded  motor 
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A CSMP  III  listing  for  this  example  can  now  be  formulated  from  Fig.  33  and  a 
knowledge  of  the  function  block  formats,  forcing  function  and  run  control 
format.  The  complete  listing  Is  shown  In  Fig.  3A. 

The  Indentations  shown  In  Fig.  34  are  Included  merely  for  clarity.  The 
Hating  la  composed  solely  of  a DYNAMIC  segment.  The  output  displacement,  X, 
Is  equated  to  the  function  block  representation  for  the  transfer  function. 
The  arguments  of  the  function  block  are  entered  as  previously  described.  The 
STORAGE  entry  requests  3 storage  locations  for  the  denominator  coefficients 
and  1 for  the  numerator  coefficient.  The  actual  coefficients  are  specified 
In  the  TABLE  entry.  The  denominator  coefficients  have  been  specified  first, 
starting  with  the  coefficient  of  a and  ending  with  the  coefficient  of  s°. 

The  three  periods  at  the  end  of  the  entry  Indicate  the  entry  la  confined  on 
the  next  line.  The  numerator  coefficient  is  specified  on  the  continued  line. 
In  the  following  entry,  the  forcing  function,  F,  Is  computed.  The  remaining 
entries  specify  the  run  controls  and  output  requests. 

DYNAMIC 

X - TRANSF  (2,  B,  0,  A,  F) 

STORAGE  B(3) , A(l) 

TABLE  B(l-3)  - 10.,  1.,  100 

A(l)  - 1. 

F - . 1*SIN(62*TIME) 

TIMER  PINTIM  - .5,  OUTDEL  - .01 
PRINT  F,  X 
OUTPUT  X 

LABEL  MOTOR  DISPLACEMENT 

END 

STOP 

ENDJOB 

Fig.  34  CSMP  III  program  listing  for  the  spring-suspended  tutor 


The  TIMER  entry  can  be  used  to  specify  the  Increments  for  which  printed  or 
plotted  outputs  are  desired,  the  duration  of  the  simulation,  the  Integration 
atep  size,  and  a minimum  permissible  step  size.  In  this  example,  the  duration 
of  the  simulation  Is  Indicated  by  the  FXMTXM  specification,  and  tha  desired 
output  Increment  Is  Indicated  by  the  OUTDEL  specification.  Printed  solution 
points  of  the  forcing  function,  F,  and  motor  displacement,  X,  are  requested. 

A print-plot  of  the  displacement  Is  produced  by  the  OUTPUT  entry.  Tha  LABEL 
entry  Indicates  the  plot  la  to  be  labeled . MOTOR  DISPLACEMENT.  The  END  card 
signifies  the  listing  for  a run  la  completed.  Tha  STOP  card  Is  always  In- 
cluded and  separates  the  listing  from  any  utar-supplled  FORTRAN  subroutines. 
The  ENDJOB  card  signifies  the  end  of  the  Input  data  straam  for  this  Job. 

The  listing  of  Fig.  34  represents  the  typical  coding  required  to  obtain 
the  tfbe-donaln  response  of  a given  transfer  function.  There  are  several 
additional  run  controls  and  options  that  can  ba  specified.  Several  of  these 
will  be  llluetrated  In  the  examples  that  follow. 


Example  11  CSMP  III  Analysis  of  a Torsional  Systam 
with  Four  Degress  of  Freedom 

A atep  torque  la  applied  to  the  torsional  system  described  In  Example  2.  Tha 
transient  response  for  the  first  10  seconds  la  required.  The  appropriate 
transfer  function  Is  raststsd  In  Eq.  (29) . 


nisi. s 

32s8  + 112s8  + 128s8  + 52s2  ♦ 3 


(29) 


l 


I 


Since  the  angular  displacement  la  also  desired,  an  Integrator  Is  required  In 
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addition  to  tha  tranafar  function  block.  The  repreaentatlon  for  tha  coablnad 
tranafer  function  and  Integrator  blocka  la  ahovn  In  Fig.  35. 


T 

• 

n 

« 

32a8  + 112a6  + 128a4  + 52a2  + 3 

Fig.  35  CSMP  III  rapraaentat Ion  for  the  torelonal  ayatem 


Tha  prograa  Hating  for  thla  exaaple  la  preaented  In  Fig.  36.  The  varlablea 
F,  f),  and  6 have  been  aaelgned  the  naaea  TORQUE,  OMEGA  and  THETA  reepectlvely. 
The  function  block  repraaentlng  the  tranafer  function  le  apeclfled  In  the 
Banner  prevloualy  deacrlbed.  Tha  format  for  apeclfylng  the  Integrator  la 
elallar,  but  requiriea  only  one  entry.  Tha  arguments  of  the  Integrator  func- 
tion, In  their  respective  order,  represent  the  initial  condition  and  the 
Integrand.  The  Input  torque  is  specified  aa  a PARAMETER,  since  it  la  con- 
stant throughout  the  simulation. 

The  TIMER  entry  includes  a specification  for  atep  alee,  DELT,  of  0.05. 

If  DELT  is  not  apecified,  tha  prograa  assigns  a vAlue  equal  to  1/16  of  OUT- 
DEL.  Since  no  Integration  aethod  has  bean  specified,  the  variable-step 
Runge-Kutta  integration  la  used.  Thla  Integration  method  will  automatically 
reduce  the  atep  alga  to  mast  the  integration  error  criteria.  Whan  ualng 
the  fixed-atep  Integration  routines,  the  value  of  CELT  haa  a dlract  effect 
on  the  integration  error. 

DYNAMIC 

OMEGA  - TRAMSF  (8,B,1,A,  TORQUE) 

CTORACE  B (9) , A(2) 

TABLE  B(l-9)  - 0. ,52. ,0.,128. ,0. ,112. ,0. ,32. ,3 

A(l-2)  « 1..0., 

THETA  - INTCRX  (0.,  OMEGA) 

PARAKTER  TORQUE  - 1. 

TIMER  FiniM  - 10.,  0UTDEL  - .1,  DELT  - .05 

PRINT  TORQUE,  OMEGA, THETA 

OUTPUT  OMEGA 

OUTPUT  THETA 

END 

STOP 

ENDJOB 

Fig.  36  CSMP  III  prograa  lilting  for  the  torelonal  ayatem 


The  torque,  angular  velocity,  and  angular  dlaplacaiMnt  are  requested  by  tha 
PRIMT  entry.  Prlnt-plota  of  tha  angular  velocity  and  angular  displacement 
are  requested  by  tha  tvo  OUTPUT  entries. 


Exaaple  12  CSMP  III  Analysis  of  a Spring-Mass-Damper  System 
with  Two  Degrees  of  Freedom 

In  thla  exaaple,  tha  translational  system  deacrlbed  in  Exaaple  3 is  analysed 
for  a unit  step  input.  The  transient  response  for  a period  of  10  seconds  is 
required.  The  transfer  function  relating  output  displacement  to  input  force 
la  restated  in  Eq.  (30). 


1(a)  a2  ♦ 10>  + 1000 

T(,)  1000s4  + 10060s3  + 101500s2  + 61000s  + 100000 
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The  CSMP  III  functional  block  corresponding  to  Eq.  (30)  Bay  be  represented 
as  shown  in  Fig.  37. 


a2  + 10a  + 1000 

1000a4  + 10060a3  + 101500s2  + 61000s  + 100000 

Fig.  37  CSMP  III  representation  for  tbs  eprlng-maas-damper  system 


The  CSMP  III  listing  for  this  exaaple  la  essentially  the  same  as  the  listing 
for  Exaaple  10.  However,  several  new  entries  have  been  Introduced  for  the 
purpose  of  Illustration.  The  couplets  listing  Is  presented  In  Fig.  38. 

DYNAMIC 

X - TRANSF  (4 ,8,2, A, F) 

STORAGE  8(5),  A(3) 

TABLE  B(l-5)  - 61000.,  101500.,  10060.,  1000.,  100000.,... 

A(l— 3)  - 10.,  1..  1000. 

PARAMETER  F - 1. 

TIMER  FINTIM  >10.,  PRDEL  - .1 

METHOD  STIFF 

PRINT  X,  F 

RANGE 

END 

STOP 

ENDJ0B 

Fig.  38  CSMP  III  program  listing  for  the  spring-masa-damper  systea 


The  PRDEL  entry  specifies  f.he  TIME  lncreaent  for  which  the  variables  sped* 
fled  In  the  PRINT  entry  st.s  to  be  printed.  No  output  plots  are  requested  In 
this  listing.  The  Integration  routine  for  STIFF  equations  Is  requested  by 
the  METHOD  entry.  The  nlnlaua  end  anxious  values  that  the  variables  assuae 
during  the  simulation  Is  obtained  froa  the  RANGE  entry.  Output  generated 
by  the  RANGE  entry  gives  the  nlnlaua  and  aaxiaum  value  of  each  variable,- 
the  tlaes  at  which  the  nlnlaua  and  naxlaua  occur,  and  the  TIME  Interval  over 
which  the  RANGE  values  ware  obtained. 


Example  13  CSMP  III  Analysis  of  a Plecewise-Llnear  Systea 

The  transient  response  for  the  plecsvlae-llnear  systea  treated  In  Examples  4 
and  6 la  desired.  The  Input  to  the  systea  Is  a unit  force  applied  for  one 
second.  The  representation  for  the  systea  In  Exaaple  4 Is  also  appropriate 
for  this  analysis,  and  la  rapeatad  In  Fig.  39. 


Fig.  39  CSMP  III  representation  for  the  placawlaa-llnaar  systea 


In  the  program  listing,  the  Integrators  and  dead  band  characteristic  are  rep- 
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fe 


resented  by  appropriate  functional  blocks.  The  summing  Junction  la  repre- 
sented by  a simple  algebraic  equation.  The  complete  listing  la  given  in  Fig. 
40. 


DYNAMIC 

FT  - FA  - FK 
V - INTGRL(0. , FT) 

X - INTGRL(0. , V) 

FK  - DEADSP(-2. , 2. ,X) 

FA  - AFGEN (PULSE1 , TIME) 

FUNCTION  PU1SE1  - 0.,  1.,  1.,  1.,  1 . 0001 ,0. ,20. ,0. 

TIMER  FINTIM  - 20.,  0UTDEI  - .2,  DELT  - .2 

PRINT  FA,  FK,  FT,  V,  X 

OUTPUT  X,  V 

END 

STOP 

ENDJOB 

Fig.  40  ,CSMP  III  program  Hating  for  tha  plecevlse-llnear  system 


Several  new  entries  are  introduced  in  this  example.  The  functional  block 
AFGEN  can  be  used  to  specify  any  arbitrary  function  in  a plecevlse-llnear 
fashion.  In  this  example,  the  input  force,  FA,  is  determined  for  any  value 
of  TIME  by  AFGEN.  The  first  arguaent  of  the  AFGEN  block,  PULSE1, merely 
identifies  a set  of  ordered  pairs  that  describe  the  curve  of  the  input  force. 
The  second  ergument,  TIME,  identifies  the  independent  variable.  The  inde- 
pendent variable  is  alweys  the  first  data  point  in  each  ordered  pair  and 
must  be  strictly  monotonic  increasing.  The  FUNCTION  entry  is  used  to  specify 
the  ordered  pairs  that  describe  the  PULSE1  function.  Thus,  for  a given  value 
of  TIME,  AFGEN  performs  a linear  interpolation  on  the  data  points  of  PULSE1 
to  determine  the  value  of  the  input  force,  FA.  The  dead  band  characteristic 
is  referred  to  as  dead  space  in  CSMP  III,  and  is  represented  by  the  func- 
tional block  DEADSP.  The  arguments  of  DEADSP,  in  the  order  of  their  occur- 
rance,  are:  the  negative  or  smaller  value  of  the  x-lntercept  (-2.),  the 
positive  or  larger  value  of  the  x-lntercept  (2.),  and  the  independent  variable 
(X).  The  non-zero  slope  of  the  DEASP  block  is  fixed  at  a value  of  1.  If  a 
slope  other  than  1 la  required,  the  output  of  the  DEADSP  block  may  be  mul- 
tiplied by  the  desired  slope. 

The  remaining  entries  in  the  listing  have  been  discussed  In  the  pre- 
vious examples.  The  program  listings  for  this  and  the  previous  examplas 
provide  a good  Indication  of  the  transfer  function  analysis  capabilities 
and  coding  requirements  of  CSMP  III.  An  optional  graphics  feature  Is  also 
available  with  CSMP  III.  The  graphics  feature  utilizes  a CRT  display  to 
provide  an  Interactive  sude  of  analysis. 

As  with  the  other  prograsw  discussed  in  this  chapter,  CSMP  III  possesses 
many  capabilities  that  are  not  directly  related  to  transfer  function  anal- 
ysis. For  Instance,  this  exaaipla  was  formulated  without  the  use  of  the  trans- 
fer function  block.  A full  description  of  the  nuswrous  function  blocks  and 
tha  graphic  feature  Is  Included  In  the  Program  Reference  Manual.  As  can  be 
seen  from  the  program  listings,  CSMP  III  is  Intended  primarily  for  time-domain 
analyals.  Thera  are  no  provisions  for  frequency  analysis  or  determination 
of  tranafer  function  poles  and  zeros. 


SUMMARY  AND  PROGRAM  COMPARISONS 

Tranafer  function  representation  of  linear  vibrational  systems  provides  a 
systematic  method  of  analysis,  and  often  yields  Important  Insight  into  the 
frequency  behavior  of  a system.  Transfer  functions  may  be  formulated  from 
the  differential  equations  of  the  system.  Tranafer  functions  can  also  be 
formulated  directly  In  the  frequency-domain  or  derived  from  experimental  data. 


« SHOCK  AND  VIBRATION  COMPUTER  PROGRAMS 

H*ny  of  th«  techniques  developed  for  modeling  and  analysing  control  systena 
are  also  useful  In  analysing  vibrational  systeaa. 

Obviously,  the  four  problems  analysed  In  this  chapter  do  not  represent 
even  a small  sampling  of  the  possible  applications  for  transfer  function 
analysis.  However,  the  examples  do  Illustrate  the  types  of  analysis  that 
can  be  performed  on  Individual  and  lntarconnected  transfer  functions.  The 
examples  also  provide  an  indication  of  the  coding  requirements  and  analysis 
capabilities  of  the  programs  Included  In  this  evaluation.  Table  6 provides 
a comparison  of  the  more  Important  aspects  of  each  program,  and  summarizes 
much  of  the  Information  presented  in  the  text.  Several  of  the  entries  In 
Table  6,  ,auch  as  the  rerun  capability,  are  not  discussed  elsewhere,  since 
their  meaning  Is  clear. 


Table  6 Comparison  of  Frogra 


Property 


SYMBOLS:  X - YES 

NA  - NOT  APPLICABLE 
I - IBM  360/370 
C - CDC  6000 


In  iy 


Field-free  Input  format 


Transfer  functions 


Topological  mechanical  system  descriptions 


Topological  electrical  network  descriptions 


Topological  control  system  descriptions 
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Time-domain  response 


Pols  and  saro  determination 


: m 


Overall  transfer  function  d«tarsin»tion 


Maxlsua  order 


I EM  liLLLl  I 


User  selected  outputs 


Tabular  printed  output 


Linear  print-plots 


rlnt-plots 


Polar  print-plots 


oslta  print-plots 


Interface  with  user  plot  routines 


Print-plots  of  one  variable  vs.  another 


CIT  dlspla 


Conditional  termination 


Reruns 


Maximum  step  size 


Minimum  step  alse 


Starting  step  size 


Absolute  Integration  error 


Ralatlve  Integration  error 


itrary  simulation  start  time 


Selection  of  specific  points  for  solution 


t variables  other  than  tins  or  freouanc 


INTEGRATION  METHODS 


MFll 

!■  ■■PI 


> ff'  l 

Wj. 
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■ 

Prograa 



SYMBOLS:  X - YES 

NA  - NOT  APPLICABLE 
1 - IBM  360/370 
C - CDC  6000 

| 

N 

i 

j 

CSMP  III 

MODELS 

X 

EH 

X 

X 

Library  of  atandard  analog  elenent* 

X 

* 

Library  of  atandard  plecevlse-llnear  elenent* 

X 

X 

ISOFTWARE  INFORMATION 

FORTRAN 

X 

X 

X 

_5 

Aiienbler 

X 

X 

X 

Preproceaaor 

X 

Interactive 

X 

Error  dlagnoatlca 

X 

X 

X 

X 

Distributed  by  developer 

X 

X 

X 

Distributed  by  aoftvare  center 

X { 

Coat 

rim 

rm 

pm 

rorn 

■T9 

n 

■ } ■ 

PTrTfrrl 

Documentation 
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INTRODUCTION 

The  problems  associated  with  the  dynamics  of  spacecraft  structuree  are  much 
more  diverse  than  those  associated  with  civil  structures  or  even  alrcreft 
structuree.  As  with  elrcraft,  there  Is  a weight  penalty  Involved.  Indeed, 
the  feet  thet  spacecraft  must  be  lifted  from  the  earth  surface  and  placed  In 
a certain  orbit  In  space  requires  that  the  structure  be  made  ae  light  as  pos- 
sible. But  the  similarities  end  here,  as  spacecraft  aniet  operate  In  an  en- 
tirely different  environment  than  aircraft.  As  an  example,  differential  grav- 
ity forces  are  generally  more  Important  than  aerodynamic  forces  for  spacecraft, 
while  the  opposite  Is  true  for  aircraft. 

The  missions  for  which  spacecraft  era  designed  often  require  that  they 
retain  a certain  orientation  In  apaca.  The  most  common  cases  are  those  In 
which  the  spacecraft  must  retain  a relatively  fixed  orientation  with  respect  to 
an  inertial  apace,  and  those  in  which  the  spacecraft  must  point  toward  the  earth 
at  all  times.  It  Is  also  possible  that  the  orientation  of  certain  parts  of  the 
spacecraft  (such  as  solar  panels)  must  remain  fixed  In  an  Inertial  spaca  while 
other  parts  (such  as  antennas)  must  point  toward  tha  earth.  Because  space- 
craft are  free  to  rotate  In  space,  rather  than  being  restrained  by  reactions 
as  In  the  case  of  civil  structuree,  certain  controls  must  be  exerted  on  tha 
spacecraft  to  enable  them  to  fulfill  their  mission.  Controls  can  be  passive 
or  active.  Passive  controls  are  of  two  types:  spin  stabilization  and  gravity- 

gradient  stabilization.  Spin  stabilization  Is  baaad  on  tha  fact  that,  In  the 
absence  of  external  torques,  e rigid  body  spinning  about  the  axis  of  maximum 
or  minimum  moment  of  Inertia  tends  to  maintain  Its  orientation  in  space.  On 
the  other  hand,  gravity-gradient  stablllzetlon  Is  based  on  the  fact  that  dif- 
ferential-gravity torques  tend  to  align  the  axis  of  minimum  moment  of  Inertia 
or  an  orbiting  spacecraft  with  the  local  vertical.  Active  controls  are  gen- 
erally achieved  by  control  Jets  or  by  momentum  exchange  devices,  such  as 
control-moawnt  gyros  (CHG) , reaction  wheels,  and  rotors  of  dual  spin  or  a 
multispin  spacecraft. 

In  general,  the  orbital  motion  of  a spacecraft  Is  given  and  the  problem 
reduces  to  that  of  controlling  its  attitude.  For  a rigid  spacecraft,  the 
mathematical  formulation  consists  of  three  simultaneous  ordinary  dlffarantlal 
equatlona  for  the  rotational  motion.  The  problem  becomes  appreciably  more  In- 
volved when  the  spacecraft  Is  flexible,  ae  additional  degrees  of  freedom  must 
be  introduced  to  describe  the  displacements  of  the  flexible  parts  relative  to 
a given  frame.  There  ara  two  basic  types  of  mathematical  models  for  flexible 
parts,  namely  discrete  and  distributed.  Discrete  models,  also  known  as 
lumped  models,  are  described  by  ordinary  differential  equations;  and  distribut- 
ed models,  also  known  as  continuous  models,  ere  described  by  partial  differen- 
tial equations.  For  the  spacecraft  as  a whole,  discrete  sudels  lead  to  a set 
of  simultaneous  ordinary  differential  equations.  On  the  other  hand,  spacecraft 
containing  distributed  parts  are  described  by  a "hybrid”  set  of  equations,  In 
the  tense  that  tha  rotational  motion  Is  described  by  ordinary  differential 
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equations  and  the  elastic  displacements  relative  to  the  rotating  frame  are 
described  by  partial  differential  equations.  For  practical  reasons,  a hybrid 
system  must  be  "discretized".  The  two  moBt  common  discretization  procedures 
are  the  finite  element  method  and  the  assumed  nodes  method,  where  the  latter 
Is  often  called  the  Rsylelgh-Rltz  method.  The  first  expresaes  the  continuous 
elastic  displacements  Inside  an  element  in  terms  of  displacements  at  given 
points  on  the  boundaries  of  the  element.  On  the  other  hand,  the  second  ex- 
presses the  continuous  elastic  displacements  of  a given  flexible  member  as  a 
series  of  space-dependent  admissible  functions  multiplied  by  time-dependent 
generalized  coordinates.  All  of  these  methods  sre  discussed  in  Ref.  1. 

Another  way  of  simulating  a flexible  spacecraft  Is  by  regarding  continuous 
flexible  members  as  consisting  of  rigid  alements  Interconnected  by  springs. 

This  approach  has  originated  in  conjunction  with  the  analysis  of  spacecraft 
structures  (2  and  3]  and  enjoys  a certain  degree  of  popularity  with 
spacecraft  dynamlcists,  as  witnessed  by  the  number  of  computer  programs  based 
on  the  approach.  A refinement  of  this  approach  consists  of  regarding  the 
Interconnected  elements  not  as  rigid  but  ss  flexible  [A],  which  brings 
the  approach  closer  to  the  finite  element  aethod. 

The  computer  programs  In  the  area  of  dynamics  of  flexible  spacecraft  tend 
to  be  tailored  to  specific  spacecraft.  Nevertheless,  In  virtually  every  case 
attempts  have  been  made  to  generalize  the  program  so  as  to  accommodate  a larger 
class  of  configurations.  The  programs  are  generally  very  extensive  and  they 
are  modular  In  nature,  in  the  sense  that  they  consist  of  a group  of  subprograms 
integrated  Into  a single  general  program.  Because  of  this,  the  programs  do 
not  land  themselves  to  the  seme  dear  cut  classification  and  objective  evalua- 
tion as  would  a single  computational  algorithm  designed  to  solve  a given  prob- 
lem, such  as  the  eigenvalue  problem  of  a real  symmetric  matrix. 


COMPUTER  PROGRAMS 


Flexible  Spacecraft  Dynamics  (PSD) 

The  PSD  computer  program  simulates  attitude  and  flexural  motions  of  generalized 
spacecraft  with  long  tubular  appendages  subjected  to  orbital  perturbing  forces 
Including  gravitational  forces,  solar  prassura,  temperature  gradients,  aero- 
dynamic drag,  and  magnetic  torques.  Internal  forcaa  due  to  daeqiara , thrusters, 
and  momentum  wheels  are  also  simulated. 

(The  PSD  Program  has  the  following  features;) 

The  flexible  appendages  can  be  extended  or  retracted  at  a variable  rate. 
All  lnortlal  forces  due  to  Coriolis,  eantrlfugsl,  linear,  and  angular  acceler- 
ation are  simulated  during  deploy-men'.:. 

2.  The  program  can  be  run  in  sequences  of  parametric  runs  to  study  the  ef- 
fect of  variations  of  one  or  more  parameters  or  Initial  conditions.  The  pro- 
gram can  also  be  stopped  and  restarted  during  s computer  run  to  change  a param- 
eter In  ordar  to  simulate  a flight  operations  procedure  such  as  activation  of 

a thruster. 

3.  Up  to  10  flexible  members  can  be  simulated.  The  members  can  have  arbi- 
trary origin  and  angular  position  relative  to  the  body  axes.  Each  element  may 
have  a different  stiffness,  coefficient  of  thermal  expansion,  projected  area, 
drag  coefficients,  unit  mass,  temperature  gradient,  tip  mass,  length,  and  de- 
ployment velocity.  In  addition,  each  member  can  have  either  one  of  two  data 
sets  associated  with  mass,  ares,  and  Internal  force  Integrals.  This  permits, 
for  instance,  the  simulation  of  a spin-stabilized  spacecraft  with  wire  trans- 
verse elements  and  Interlocked  tubular  elements  on  the  spin  axis. 

4.  For  gravity-gradient  etablllzed  spacecraft,  a llbratlon  damper  can  be 
simulated  conelatlng  of  a long  damper  boon  that  can  rotate  relative  to  the  pri- 
mary body  axes.  A magnetic  hysteresis  or  eddy  current  damper  will  dissipate 
energy  during  the  relative  motion. 

One  version  of  the  FSD  Program  (Dual-Spin)  generalized  this  option  Into 
a secondary  body  with  flexible  appendages  end  additional  degrees  of  relative 
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motion.  ThU  Dual-Spin  version  also  simulates  nutation  dampera  situated  on 
the  despun  portion  of  a Dual-Spin  apacecraft.  Mutation  dealers  simulated  can 
be  either  a pendulum  type  with  viscous  or  hyaterlsla  damping  or  a viscous  ring 
damper . 

5.  Various  body  torqulng  devicea  are  available  to  simulate  apacecraft  oper- 
ation. Thrusting  of  the  apacecraft  can  be  simulated  either  for  pure  momenta 

or  for  a thrust  vector  whose  line  of  action  is  arbitrary  with  respect  to  the 
center  of  masa.  The  effect  of  thrusting  on  orbit  parameters  la  also  computed. 

6.  A simple  control  law  la  provided  for  thrusting  which  can  be  activated 
by  sun  sighting.  Complex  control  laws  can  be  added  If  required.  Torqulng  due 
to  electromagnetic  or  residual  magnetic  dipoles  la  simulated.  The  earth's 
magnetic  field  la  represented  by  recent  multi-term  spherical  harmonic  modol 
developed  by  Goddard  Space  Flight  Center.  Tha  capability  to  simulate  torques 
developed  by  constant  or  variable  speed  momentum  whael  is  also  available. 

The  equations  of  motion  describe  tha  response  of  tha  system  In  terms  of 
tha  rotations  of  a reference  system  with  respect  to  tha  Inertial  space  and  the 
motions  of  various  parta  of  tha  system  relative  to  this  reference  system.  The 
generalized  coordinates  are  of  two  types,  discrete  and  distributed.  Consequent- 
ly, the  equations  of  motion  constitute  a hybrid  set  of  differential  equations, 
which  la  discretized  by  tha  assumed  modes  method.  Typical  admissible  functions 
are  cantilever  modes.  Other  appropriate  admissible  functions  can  be  used  such 
as  those  for  cantilever  baama  with  tip  mas a as , 

The  tins  history  of  tha  dependent  variables  la  obtained  by  nuaerlcal  Inte- 
grations of  the  equatlone  of  motion  using  thi  Adama-Moulton  method  end  e fourth 
order  Runge-Kutta  starter.  The  Adama-Moulton  Integrator  uses  a predictor-cor- 
rector technique  to  select  the  appropriate  Integration  time  step  that  will 
minimize  computer  time  and  maintain  the  desired  accuracy.  The  accuracy  bounds 
for  the  dependent  variable  are  specified  by  the  user. 

Language:  Tha  majority  of  tha  program  language  la  FORTRAN,  A small  portion 

of  the  input  routines  la  In  assembly  language. 

Hardware:  IBM  360 

Accuracy  and  Reliability:  The  accuracy  and  validity  of  the  program  has  been 

demonstrated  by  many  comparisons  with  analytical  solutions.  In  addi- 
tion, the  comparison  of  simulated  data  and  flight  data  from  tha  RAE-I 
satellite  has  been  remarkably  good.  This  comparison  was  made  with  the 
RAE-I  In  various  symmatrlcal  and  asymmetrical  configurations  with  the 
boom  at  various  lengths  up  to  750  feet.  For  an  ln-orblt  dynamics 
experiment,  the  PSD  Program  accurately  predicted  the  critical  spin  rate 
for  Instability  of  tha  spin  axle  booms  of  the  IMF-I  satellite.  In 
addition  to  tha  above  mentioned  flight  programs,  the  computer  program 
was  the  prims  method  of  simulating  the  flexible  dynamics  of  the  Lunar 
RAE  satellite  and  the  DfP-J  (spinning,  radial  wires)  spacecraft. 

The  program  has  been  operated  on  a dally  basis  for  more  than  three 
years.  Any  anomalies  and  discrepancies  that  have  been  uncovered  have 
bean  corrected  or  are  minor.  The  program  is  presently  considered  to  be 
highly  reliable. 

Contact:  Tha  computer  program  was  developed  by  AVCO  Systems  Dlvlson  for 

NASA  Goddard  Space  Flight  Center.  In  addition  to  being  used  In  the 
Goddard  ISEE  flight  program,  It  la  currently  being  modified,  maintained, 
and  operated  by  Computer  Sciences  Corporation,  Syotem  Sciences  Division, 
for  NASA  Goddard  and  other  agencies. 

Availability:  The  PSD  Program  was  developed  under  government  funding,  hence 
la  public  property.  Further  Information  can  be  obtained  from: 

J.  V.  Fedor 

NASA  Goddard  Space  Flight  Center 
Greenbelt,  Maryland 

R.  M.  Davis 

Computer  Sciences  Corporation 
Sliver  Springs,  Maryland 
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Subjective  Comments:  The  FSD  Program  has  several  noteworthy  advantages  over 

other  existing  programs.  With  respect  to  simulation  of  spacecraft  with 
long  flexible  deplt/able  appendages,  It  Is  doubtful  that  other  programs 
have  comparable  accuracy  for  large  displacements.  It  is  not  necessary 
to  determine  an  equilibrium  configuration  before  solving  the  equations 
of  motion  as  many  linearized  solutions  require. 

Although  the  program  is  large  (450  bytes)  for  the  IBM  360  system  because 
of  the  higher  order  terms,  three  flexible  modes  and  many  options,  it  is 
relstlvely  easy  to  operate.  The  options  can  be  invoked  by  input  con- 
trols. Because  the  program  Is  so  generalized,  there  have  been  occasions 
when  unexpected  results  have  led  to  new  Insights  into  spacecraft  dynamic 
behavior.  These  results,  that  were  later  confirmed  by  analysis,  have 
had  an  impact  on  spacecraft  design  and  flight  operations. 


LPARL  Flexible  Spacecraft  Attitude  Dynamics  Programs  (LPARL) 

The  Lockheed  Palo  Alto  Research  Laboratory  (LPARL)  consists  of  a series  of  mul- 
tipurpose digital  computer  programs  for  simulation  of  the  attitude  dynamics 
and  control  of  complex  spacecraft  structures  representable  as  rotatlonally 
Interconnected  rigid  and  flexible  bodies.  The  arrangement  of  bodies  in  the 
model  is  arbitrary,  except  that  "closed  loops"  of  bodies  are  excluded,  l.e. 
the  system  of  bodies  and  Interconnections  must  form  a "topological  tree". 

The  LPARL  multibody  programs  can  also  be  used  to  study  spacecraft  attitude 
stability.  Using  the  nonlinear  programs,  a simple  numerical  method  of  sequen- 
tial perturbation  of  initial  conditions  gives  directly  the  numerical  values  of 
the  coefficient  matrices  of  the  linearised  equations  corresponding  to  lineari- 
zation about  any  choaen  state.  Using  standard  computer  routines  for  eigenvalues 
of  linear  systems,  atebillty  analysis  la  carried  out  by  examining  the  non-posi- 
tivity of  the  real  part  of  the  eigenvalues.  Thus,  in  the  context  of  computer 
integration  of  the  equations  of  motion,  linearised  equations  (in  numerical 
form)  and  the  associated  stability  analysis  are  a direct  by-product  of  the 
multibodv  nonlinear  equations. 

The  series  of  programs,  based  on  formulations  described  in  [3  - 9],  re- 
presents a natural  evolution  from  the  "simple"  cese  of  a tree  of  rigid  bodies 
to  the  case  of  a tree  of  flexible  bodies.  This  last  program  la  currently  under 
development  and  will  be  completed  this  year.  Intaraedlata  models  conslat  of 
topological  trees  of  rigid  bodies  with  terminal  flaxibla  bodies,  and  chalna  of 
flexible  bodies.  In  these  multlbody  programs,  flexibility  of  a given  body  can 
be  suppreaaad,  reducing  it  to  a rigid  body.  In  thla  sense,  the  sure  generel 
progrmns  will  logically  supersede  the  less  general  onea.  However,  the  redun- 
dancy in  these  programs  is  limited  only  to  the  model,  because  different  programs 
are  based  on  different  formulations  of  multibody  dynamics.  In  vlaw  of  the  vast 
complexity  of  such  multipurpose  prograsis,  the  availability  of  distinct  formu- 
lations pi  'ides  a unique  method  for  verification  of  tha  validity  of  output 
and  hence  a very  high  degree  of  reliability  for  the  correctness  of  the  programs. 

The  LPARL  programs  repraaent  a hybrid  synthesis  of  large-angle  nonlinear 
multl-rlgld-body  dynamics  with  distributed  coordinate  repreaentatlon  of  linear 
elastic  deformations  used  in  structural  mechanics.  Tha  determination  of  defor- 
mation functions  la  obtained  from  aeparate  structural  mechanics  programs  (e.g. 
REXBAT,  SNAP,  etc.). 

Tha  programs  Integrate  the  aquations  of  notion  for  the  models  using  the 
integrator  described  in  "JPL  Technology  Utilisation  Document  No.  CP-2308, 
VODQ/SVDQ/DVDQ,  Variable  Order  Integrators  for  the  Numerical  Solution  of  Or- 
dinary Differential  Equations";  thla  is  a variable  self-adjusting  step-size 
Integrator.  In  all  the  programs,  interconnections  batveen  bodies  in  tha  tree 
are  described  by  parametrized  inter-body  rotation  matrices,  i.e.  by  a set  of 
gimbals  having  0,  1,  2,  or  3 degrees  of  rotational  freedom.  The  giabal  axes 
can  be  sequentially  locked,  and  the  nominal  orientation  of  the  giabal  axes  can 
be  input  by  appropriate  giabal  mounting  rotation  matrices. 

The  system  configuration  is  described  entirely  by  input  data.  The  only 
subroutines  required  from  the  user  are  those  which  give  the  external  force  and 
torque  on  each  body,  the  giabal  torques  (e.g.  due  to  torsional  springs,  dampers. 
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motors,  etc,),  and  any  auxiliary  differential  equations,  such  as  for  control 
nysteas.  These  subroutines  have  access  to  the  Instantaneous  state  of  the 
systeia.  Gravitational  effects  are  built  into  the  dynamical  equations  of  mo- 
tion and  need  not  be  user  specified. 

The  program  output  consists  of  a tabular  listing  of  the  state  history, 
as  well  as  plots  of  these  time  histories  generated  on  the  SC-4020  plotter. 

Programs 

1.  NBODY  1 and  NBODY(F)  1 (F;  Flexible  bodies) 

Based  on  formulation  described  In  [3,  S,  and  6],  Separate  summation  pro- 
cedures are  Involved  for  eliminating  momenta  of  the  unknown  Interbody  forces 
and  constraint  torques  arising  at  gimbals  with  fewer  than  three  degrees  of 
freedom.  NBODY (F)  I normally  makes  use  of  fixed-base  cantilever  mode  shapes 
for  terminal  flexible  appendages. 


11.  NBODY  II  and  NBODY (F)  II 

Based  on  formulation  described  In  [7]  and  using  certain  key  Ideas  described 
In  [9].  Base  points  are  shifted  from  barycenta r-  to  Interconnection 
(hinge)  points,  about  which  Interbody  forces  have  zero  momenta.  Equations  of 
motion  are  written  directly  for  sub-trees  "outboard"  of  a given  Interconnection, 
and  formulation  la  simplified.  Computer  program  runs  slightly  faster  than 
NBODY  I series. 


111.  NBODY  III  and  NBODY (F)  III 

Baaed  on  formulation  described  in  [9J.  The  incidence  matrix  for  each  topo- 
logical tree  configuration  controls  the  systematic  contribution  froei  the  mo- 
tion of  each  Individual  body  to  the  overall  dynamic  equations.  The  force 
equation  of  the  system  la  maintained  in  the  program,  which  provides  the  trans- 
lational motion  of  the  main  body  and  other  bodies.  It  also  simplifies  the 
coefficient  matrices  of  the  torque  equations  about  the  hinge  points.  The  vi- 
bration equations  of  the  terminal  flexible  bodies  are  Independent.  Reduction 
of  the  degree-of-freedoa  at  a specific  hinge  point  can  be  handled  easily  by 
eliminating  the  corresponding  glmbal  rotational  angle  and  the  associated 
torque  component  equation.  This  program  Is  very  efficient. 


iv.  P-NBODY  and  P-NBODY(F)  (P:  Perturbation) 

Based  on  (8]  and  extensive  additional  revisions  by  J.  Y.  L.  Ho.  The  multi- 
body combining  procedure  employed  has  no  closed-form  analytical  description 
of  the  final  equations,  but  la  Implemented  on  the  computer  by  means  of  a re- 
cursive computational  scheme  which  In  effect  compiles  the  equation  of  motion 

(In  numerical  rather  than  analytical  form.  In  this  program , the  assumption  Is 
made  that  the  total  motion  of  the  flexible  aultlbody  spacecraft  la  represent- 
able as  the  superposition  of  a nominal  motion,  obtained  by  conceptually  "rlgl- 
dlzlng"  each  flexible  body  but  preserving  localised  flexibility  at  the  joints, 
and  a small  perturbation  corresponding  to  tha  linear  elastic  oscillations  of 
the  flexible  appendages.  The  perturbation  equations  are  thus  variational 
equations,  l.e.  equations  linearised  about  a nominal  trajectory  of  tha  assoc- 
iated rlgldlsed  system.  P-NBODY  thus  provides  linear  aquations  In  analytical 
form. 


v.  Remote  Manipulator  System  (RMS) 


This  program  Is  based  on  the  model  of  a chain  of  flexible  Interconnected  bodies, 
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and  derives  Its  name  frost  Its  application  to  the  Space  Shuttle's  Remote  Manipu- 
lator System.  Formulation  of  the  program  la  given  in  [4],  It  employe  three 
clasaea  of  mode  ehape  functions  for  interconnected  flexible  bodies,  which  are 
not  restricted  to  beams. 

Language:  The  aeries  progratu  conalat  of  an  assemblage  of  subroutines 

written  in  FORTRAN  V compatible  with  the  UNIVAC  1108-1110/Exec  8 
operating  system. 

Contact:  The  program  was  developed  by  Lockheed  Palo  Alto  Research  Lab. 

Availability:  It  can  be  obtained  on  a case  by  case  basis  by  contacting 

G.  Mar guiles 

Lockheed  Palo  Alto  Research  Laboratory 
Palo  Alto,  California  94087 


J.  H.  L.  Ho 

Lockheed  Palo  Alto  Research  Laboratory 
Palo  Alto,  California  94087 

Subjective  CoMents:  The  LPARL  programs  have  been  used  to  study  various 

multi-body  gravity-gradient  configurations  (without  flexible  bodies), 
and  were  successfully  validated  with  similar  work  at  Bell  Laboratories 
(in  the  eld  1960's).  They  were  used  for  a study  of  the  attitude 
motions  of  the  spinning  SKTLAB  (with  flexible  booms)  at  NASA,  MSFC. 
Finally,  an  extensive  comparison  was  made  with  JPL's  MBDT  Program. 


Martin  Marietta  Computer  Progrmi  (MMCP) 

The  ftiCP  la  a general-purpose  computer  program  system  for  dynamic  simulation 
and  stability  analyals  of  passive  and  actively  controlled  spacecraft.  The  pro- 
gram system  will  be  used  in  design  of  attitude  control  systems  and  for  evalua- 
tion of  total  system  performance  including  both  time  domain  response  and  fre- 
quency domain  stability  investigations.  The  program  provides  capability  to 
examine  total  system  dyneadc  characteristics  including  interaction  effects 
between  rigid  and/or  flexible  bodies,  control  systems  and  a wide  range  of 
environmental  loadings. 

The  program  system  haa  the  capability  of  redimenalonlng  itself  to  suit 
the  problem  at  hand.  For  example,  there  may  be  a trede-off  between  the  total 
number  of  bodies  and  the  number  of  admissible  functions  (or  normal  modes)  con- 
sidered to  represent  each  body.  The  program  is  redimenaloned  so  as  to  make 
efficient  use  of  the  available  computer  memory. 

The  developamnt  of  the  program  system  haa  used  the  most  general  form  of 
Lagrange's  equations,  including  auxiliary  nonholonomlc,  rheonomlc  conditions  of 
constraint.  Lagrange  multipliers  are  calculated  and  used  as  Interaction 
forcas/torques  in  such  a manner  that  the  prescribed  constraints  are  maintained. 
The  nonlinear  f lexible/rlgld  dynamic  cou 'ling  effects  are  considered  in  un- 
abridged fashion  for  each  of  the  bodies  of  the  system  and  for  the  system  as  a 
whole.  Normal  vibration  modes  may  be  used  in  representing  elastic  deformation 
of  a given  body  member,  but  an  adequate  series  of  admissible  functions  suffices. 

Nonlinear  time  domain  response  is  calculated  for  the  synthesised  dynamic 
system  through  use  of  the  Runge-Kutta  mawrlcal  integration  algorithm;  state 
vector  concepts  are  ms  bod led,  thus  the  dynamic  system  is  represented  by  a 
series  of  nonlinear  first  order  differential  aquations  including  both  plant 
dynamics  and  controller  dynamics. 

For  frequency  domain  studies,  the  system  of  nonlinear  first  order  equa- 
tions is  numerically  linearised  resulting  in  a set  of  first  ordsr  differential 
equations  involving  state  variable  perturbations.  Tha  linearised  equations 
correspond  to  the  autonomous  system;  that  le,  they  are  in  the  form  y ” Ay. 

The  so-called  QR  algorithm  is  used  to  extract  closed-loop  roots  of  the 
characteristic  matrix  A.  Also,  a similarity  transformation  is  performed  on  A, 
giving  a similar  dynamic  system  A*  which  can  be  easily  manipulated  to  provide 
forward-loop,  return-loop  and  loop-gain  transfer  functions.  The  transfer 
functions  are  autoswtlcally  displayed  in  Bode,  Nichols  or  Nyqulst  form.  Also, 
the  progrsm  has  capability  to  generate  root-locus  displays. 
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Languajc i The  entire  progrea  le  coded  In  FORTRAN  IV  with  exception  of  the 

Job  control  language  which,  of  couree,  le  Installation  dependent.  Double 
precision  irlthaetlc  Is  used  with  all  real  nuabers  (not  Integers)  In 
the  IBM  end  UNIVAC  versions.  The  COC  version  does  not  require  double 
precision  due  to  Its  60-blt  word  length. 

Hardwares  The  progrea  Is  currently  running  on  the  IBM  360/370,  snd  will  be 
iapleaented  on  UNIVAC  1108  snd  CDC  6500  coaputers  by  July  1975. 

Reliability:  Aa  a monitor  on  accuracy  and  reliability  of  the  prograa  system, 

total  angular  and  linear  aoaentum  vectors  as  well  as  system  kinetic  and 
potential  energies  ere  always  calculated  and  displayed.  The  results  of 
all  "torque-free"  deaonttratlon  problems  considered  to  date  are  positive 
In  that  systea  aoaentua  Is  conserved  accurately  and  total  energy 
(kinetic  plus  potential)  decreases  monotonlcally. 

Contact:  The  prograa  was  developed  by  MIC  for  NASA,  Goddard  Space  Flight 

Center.  Contact 
Carl  Bodley 
Martin  Marietta  Corp. 

Denver,  Colorado  80201 

Availability:  Final  documentation  la  scheduled  to  be  delivered  to  the  NASA 

(Goddard  Space  Flight  Center,  Greenbelt,  Maryland)  by  May  1,  1975. 

It  will  be  available  through  the  Computer  Software  Management  and  In- 
tonation Canter  (COSMIC),  University  of  Georgia,  Athens,  Georgia, 

30601,  by  approximately  mid  1975. 

Subjective  Coaaenta:  This  dynamic  simulation  prograa  is,  by  design,  a gen- 

eral purpose  program  for  synthesising  and  analysing  complex  atructural- 
mechanlcal  systems.  The  program  system  can,  on  option,  be  used  to 
examine.  In  detail,  nonlinear  time  domain  response  and/or  linear  fre- 
quency domain  response. 


MBDY  Attitude  Dynamics  Subroutine  Package  (MBDYADSP) 

The  MBDYADSP  Is  a collection  of  eight  programs.  All  the  routines  In  this 
package  are  based  on  the  rigid-body  tree  equations  of  [3]  as  rearranged  in 
[5]  to  eliminate  constraint  torques.  However,  three  of  the  subroutines 
allow  the  attachment  of  flexible  appendages  to  any  of  the  rigid  bodies  of  the 
tree,  and  a constant  spin  of  the  appendage  base  may  also  be  accommodated. 

The  only  situation  (within  the  tree  concept)  that  cannot  be  directly  handled 
by  one  or  another  of  these  programs  Is  that  of  a chain  of  bodies  where  Inter- 
mediate bodlee  (rather  than  terminal  bodies)  In  the  chain  ere  flexible.  How- 
ever, In  this  ease,  one  can  aomatlmes  redefine  the  "boundaries"  of  s flexible 
eppendage  so  that  It  Is  always  a terminal  appendage. 

Since  these  are  subroutines,  the  user  must  develop  his  own  "calling"  pro- 
grams, Integration  subroutines,  matrix  equation  solving  (or  matrix  Inversion) 
routines,  etc. 

Several  of  the  routines  are  simply  linearised  or  partially  linearised 
versions  of  other  routines  In  tha  package  and,  as  such,  are  directly  Inter- 
changeable with  them,  l.e.,  virtually  no  modification  Is  rsqulred  In  the 
calling  program.  The  presence  of  these  linearised  versions  allows  the  user 
some  latitude  In  trading  off  speed  and  accuracy  for  most  efficient  problem 
solving.  All  of  the  routines  also  provide  the  option  of  "rlgldlslng”  a Joint 
betveen  rigid  bodies  or  prescribing  notion  about  that  joint  In  a very  simple 
manner.  Following  Is  a description  of  the  subroutine. 


Capabilities  and  Methods  Used  by  Subroutines 
1.  MBDY  (sea  also  [10]) 

MBDY  Is  designed  to  solve  the  rotational  dynamics  equations  for  a system  of 
rigid  bodies,  hinge-connected  in  the  form  of  a topological  tree.  The  solution 
Is  given  In  terms  of  the  Inertial  angular  acceleration  components  of  one  body, 
arbitrarily  chosen  as  tha  reference  body,  end  In  terms  of  the  relative  angular 
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accelerations  of  all  the  remaining  rotational  degrees  of  freedom. 

The  mathematical  approach  la  that  described  In  [5]  and  expanded  in 
some  detail  In  (10].  The  resulting  matrix  equation  is  of  the  form  Ax  - B, 
where  x Is  the  desired  angular  acceleration  solution  vector  (Nxl) , A is  a real 
symmetric  time-variable  matrix  (NxN),  and  B la  a vector  of  forcing  functions 
(Nxl),  (N  - no.  of  system  degrees  of  rotational  freedom).  This  equation  is 
then  solved  by  a standard  matrix  equation  solving  routine  each  time  the  sub- 
routine is  entered  with  new  forcing  function  values  (e.g.,  at  every  numerical 
integration  step). 


11.  MBDYTL  (see  also  [10]) 

MBDYTL  is  designed  to  solve  exactly  the  same  problem  as  MBDY.  Again,  the 
mathematical  approach  Is  that  used  for  MBDY  except  that  the  equations  are 
subjected  to  a strict  linearisation  with  respect  to  the  reference  body's 
angular  velocity  and  acceleration  as  well  as  to  the  hinge  rotation  angles  and 
their  derivatives.  The  matrix  A thus  becomes  a constant  sytmetrlc  matrix 
which  may  be  Inverted  only  once  to  allow  the  calculation  x - A-*B  to  be  per- 
formed each  time  the  subroutine  is  entered  with  new  forcing  function  values. 

A much  faster  solution  for  x thus  results  with  reasonably  good  accuracy  for 
many  problems. 


111.  MBDYL  (see  also  [10]) 

This  routine  la  identical  to  MBDYTL  except  that  further  simplification  of  the 
syatem  equations,  beyond  strict  linearisation,  is  accomplished.  No  body-to- 
body  coordinate  transformations  are  done  at  all  in  MBDYL.  Thus,  this  routine 
will  produce  solutions  at  a slightly  faster  rate  than  MBDYTL,  but  with  leas 
accuracy . 


lv.  MBDYPL  (see  also  [10)) 

MBDYPL  la  dealgnad  to  aolva  the  same  problem  as  MBDY. 

Using  the  same  approach  as  for  MBDY,  but  assuming  that  only  some  of  the 
hinge  rotations  (and  their  derivatives)  are  small,  the  equations  may  be  par- 
tially linearised  so  that  at  least  a portion  of  A becomes  constant.  The  con- 
stant part  of  A may  then  be  inverted  in  the  Initialisation  process  and  x Is 
solved  for  by  matrix  partitioning.  The  result  Is  a somewhat  fastsr  solution 
to  the  problem  than  MBDY  can  provide,  if  the  size  of  A Is  relatively  large 
(at  least  10  x 10),  and  if  linearization  Is  justified. 


v.  MBDYM 


MBDYM  la  designed  to  solve  the  same  problem  as  MBDY  and  the  method  of  solution 
is  the  same  as  for  MBDY.  However,  the  algorithms  used  In  the  routine  to  form 
the  equation  Ax  ■ b have  been  modified,  and  In  soma  cases  simplified,  to  speed 
up  the  solution.  0ns  significant  modification  changes  the  manner  In  which  the 
system  Is  described  by  substituting  the  concept  of  e "connection"  rather  than 
a hinge.  A connection  Is  defined  as  a one,  two,  or  three  dsgree-of-freedom 
Joint. 


vi.  MBDYFB 

MBDYTB  Is  designed  to  solve  the  rotational  dynamics  equations  for  a system  of 
rigid  bodies,  hinge-connected  In  the  form  of  a topological  tree,  where  each  of 
the  rigid  bodies  may  have  a single  flexible  appendage,  further,  any  rigid  body 
carrying  a flexible  appendage  Is  permitted  to  spin  provided  that  ths  spin  rate 
le  nominally  constant  (with  small  variation) . 
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As  In  MBDY,  etc.,  solutions  srs  desired  for  lnertiel  snguler  ecceleretlon 
components  of  the  rigid  reference  body  snd  for  reletlve  scceleretlons  of  the 
renslnlng  rigid  bodies  sbout  their  hinges.  In  sddltlon,  motion  of  the  flexible 
bodies  must  be  obtslned. 

The  spproach  taken  Is  that  described  in  [11).  Briefly,  this  Involves 
developing  finite  element  models  of  each  elastic  appendage,  asstmlng  small  de- 
formations, and  taking  Into  account  the  appendage  base's  nominal  motion  (If 
spin  la  present).  The  homogeneous  form  of  tha  resulting  vibration  equation  Is 
then  transformed  to  an  uncoupled  set  of  coordinates,  l.e.,  modal  coordinates, 
and  truncated  by  deleting  unwanted  modes  of  deformation.  If  spin  Is  present, 
the  resulting  modal  vibration  equations  are  complex  and  must  be  converted  to  an 
equivalent  real  form  by  taking  advantage  of  certain  eigenvector  orthogonality 
relationships. 

The  appendage  equations  may  then  be  coupled  to  each  other  as  well  ss 
directly  to  the  rigid-body-tree  formulation  which  remains  In  almost  the  Iden- 
tical form  shown  In  [3,  10).  Reference  'i 12 ] shows  the  system  equation 
development  In  great  detail.  Again,  the  result  Is  a matrix  equation  of  the 
form  Ax  ■>  B,  where  A la  a time  variable,  symmetric  matrix.  Its  order  Is  de- 
termined by  the  number  of  rigid  body  degrees  of  freedom  and  the  number  of  modal 
coordinates  retained  by  the  user  to  describe  elastic  appendage  deformations. 

Because  the  appendage  equations  have  bean  derived  In  first  order  form 
to  allow  transformation  to  an  uncoupled  coordinate  set  (for  the  case  of  Bpln) , 
two  appendage  modal  coordinates  appear  In  the  solution  vector,  x,  for  each 
eigenvalue  retained  in  its  model. 


vll , MBDYFN 

This  subroutine  solves  the  same  problem  as  HBDYFR,  except  that  no  spinning 
appendages  are  permitted.  All  appendage  base  bodies  must  have  a nominally 
zero  spin  rste. 

The  approach  la  much  the  same  taken  for  MBDYFR  [12].  However,  the  re- 
sulting modal  modela  of  each  appendage  have  real  eigenvalues  and  eigenvectors. 
The  system  equation,  Ax  ■ B,  Is  still  solved  at  every  entry  with  new  forcing 
functions,  since  A Is  time  variable  (and  symmetric). 

vlll.  MBDYFL 


The  subroutine  solves  tha  same  problem  as  MBDYFN.  However,  hinge  rotations 
and  their  derivatives  are  restricted  to  be  "saall"  as  are  the  reference  body 
angular  ratee. 

The  method  of  solution  Is  the  sane  as  for  MBDYFN  bnt.  In  addition,  a 
strict  linearization  process  is  applied  to  the  aquations  under  the  assuaptlon 
that  tha  hinge  motion  is  small.  This  results  In  a constant  A matrix  and 
allows  Its  inversion  once  and  for  all  in  the  initialization  process. 


Language)  UHIVAC  1108  FORTRAN  V 

Reliability iThe  subroutine  KBDTM  which  solves  the  rotational  dynamics  equa- 
tions for  the  unrestricted  rigid-body  tree,  and  on  which  the  other 
loutlnea  are  based,  has  bssn  checked  against  an  older  version,  MBODY. 
MBOBT  In  turn  was  compared  to  a similar  program  (see  LPARL) , and  the 
two  agreed  to  within  Unlvac  1108  roundoff  error.  The  test  problea  con- 
sisted of  7 rigid  bodies  and  11  degrees  of  freedom.  The  LPARL  program 
took  approximately  ,023  seconds  for  300  repeated  evaluations  of  the 
matrix  equation  (without  solution  of  that  equation)  while  MBDYM  was 
timed  on  the  JTL  Unlvac  1108  at  approximately  .025  seconds  for  the 
same  500  evaluations. 

The  rigid-body  routines  la  both  their  unrestricted  and  linearised 
versions  have  been  used  to  simulate  T.V.  camera  slewing  dynamics  on 
both  Mariner  Mars  Orblter  1971  and  the  Mariner  Venus/Mercury  Space- 
craft (MVM)  1973  as  well  as  vehicle  dynamics  (Including  magnetometer 
boom,  hlgh-galn  antenna,  solar  panels,  and  T.T.  platform)  during  a tra- 
jectory correction  maneuver  of  the  MVM  craft.  All  of  these  simulation 
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agreed  very  cloaely  with  gyro  and  control  system  telemetry  received 
from  the  apacecraft.  The  two  routinee  which  handle  the  nonapinning 
case  with  flexible  appendagee  have  also  been  dynamically  checked  to 
within  round-off  error  agalnat  older,  apedal-purpoae  programs  written 
to  aolve  Likina'  hybrid-coordinate  formulation.  MBDYFR,  which  handles 
the  spinning  appendage  case,  la  the  only  routine  which  has  not,  as  of 
this  writing,  been  dynamically  checked  agelnat  some  other  Independent 
program. 

Contact:  The  program  waa  developed  by  the  Jet  Propulsion  Laboratory.  Contact 

Gerald  E.  Fleischer 
Jet  Propulsion  Laboratory 
Pasadena,  California  91103 

Availability:  The  complete  MBDY  Subroutine  Package  la  available  from  COSMIC 

(The  Computer  Software  Management  and  Information  Center),  Barrow  Hall 
University  of  Georgia,  Athens,  Ga.  30601)  (404-542-3265).  The  cost  is 
a very  nominal  handling  charge. 


Spinning  Structural  Analysis  Program  Group  (SSAPG) 

The  SSAPG  consists  of  three  programs:  (1)  Modified  NASTRAN  Spinning  Structural 

Analysis  Program;  (2)  Data  Generation  Program;  and  (3)  Skylab  Response  Program. 
The  group  or  programs  performs  a structural  analysis  of  a rotating  structure, 
yielding  its  eigenvectors,  eigenvalues,  and  time  response.  (Although  written 
as  two  separate  programs,  the  Data  Generation  Program  and  Skylab  Response  Pro- 
gram may  be  considered  conceptually  a single  entity) . This  program  group  was 
developed  to  analyze  a deliberately  spinning  Skylab;  however.  It  Is  sufficiently 
general  to  permit  analysis  of  any  system  of  bodies  that  may  be  described  as  a 
core  or  central  rigid  body  to  which  are  attached  an  arbitrary  nusber  of  flexible 
appendages  and  (also)  a second  rigid  body.  A controller  In  the  form  of  Control 
Moment  Gyroscopes  (CMG's)  is  also  added  as  a module  for  providing  closed  loop 
attitude  control  of  a space  vehicle.  However,  the  program  group  Is  not  limited 
to  spacecraft.  The  modified  NASTRAN  Spinning  Structural  Analysis  Program  can 
be  used  to  analyze  structures  spinning  at  constant  angular  velocities,  such  as 
rotating  shafts,  blades  of  spinning  turbines,  and  rotating  linkages. 

a.  The  modified  NASTRAN  Spinning  Structural  Analysis  Program  Is  s finite 
element  program  that  accepts  the  structural  properties  describing  the  systam 
(written  In  NASTRAM  format) . It  provides  the  systam  eigenvalues  and  eigen- 
vectors. Given  the  axis  of  rotation)  the  modified  NASTRAN  program  will  generate 
the  centrifugal  force  matrix  and  the  resulting  geometric  stiffness  matrix,  the 
Coriolis  acceleration  matrix,  and  the  centripetal  accelaratlon  matrix.  Com- 
bining thase  matrices  with  the  elastic  stiffness  matrix  and  mass  matrix  generated 
by  the  original  unmodified  NASTRAN,  a complete  set  of  matrices  Is  now  available 
for  the  original  NASTRAM  to  use  In  performing  Its  eigenvalue  analysis. 

Although  the  original  NASTRAN  complex  eigenvalue  subroutine  was  inefficient 
(slow)  for  the  large  scale  spinning  Skylab  being  analysed.  It  Is  understood  that 
subsequent  modifications  to  NASTRAM  have  eliminated  this  defldancy.  If  the 
new  NASTRAM  eigenvalue  analysis  still  Is  too  lengthy,  other  more  efficient 
eigenvalue  routinee  will  have  to  be  substituted,  such  as  ths  fine  EISPACK  de- 
veloped by  Argonne  Laboratories.  Ths  modified  NASTRAN  Spinning  Structural  Anal- 
yele  Program  provides  capability  for  performing  analyses  of  rotating  structures, 
'this  waa  accomplished  by  Incorporating  spin  equations  Into  NASTRAM  (NASA  Struc- 
tural Analysis  Program) . The  NASTRAM  program  is  unaltered  as  far  as  original 
capabilities  ere  concerned.  The  spin  equations  are  coded  into  a dummy  subroutine 
already  In  NASTRAM  which  Is  called  by  DlAMODl  entering  a DHAP  statement  refer- 
ring to  this  dummy  subroutine.  The  user  of  this  prograi  must  be  able  to  con- 
struct Input  data  for  NASTRAM  (including  input  to  the  spin  equations)  and  also 
understand  soma  basic  NASTRAM  terminology. 

b.  The  Data  Generation  Program  constructs  a maber  of  matrices  needed  for 
the  Skylab  Response  Program. The  required  Impute  are  the  elgenvaluee,  eigen- 
vectors, end  grid  point  coordinates  furnished  by  the  modified  NASTRAM  Spinning 
Structural  Analysis  Progrmi.  It  Is  limited  by  storage  to  a maximum  of  30  eigen- 
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value*  and  300  degree*  of  freedom.  A gore  detailed  description  of  the  eigen- 
value analysis  Is  Included  In  [13]  and  [14]. 

Using  Input  fron  an  eigenvalue  program,  the  NAS TRAN  program,  and  experi- 
mental results,  this  program  cosiputes  data  that  will  be  used  by  a SKYLAB  re- 
sponse program  as  constant  Input.  This  program  evolved  Into  a separate  unit 
because  many  lengthy  computations  in  the  response  program  may  be  held  constant 
while  other  critical  terms  varied  over  a series  of  runs.  The  output  from  this 
program  la  stored  on  magnetic  tape  and  used  as  an  Input  tape  to  the  response 
program . 

c.  The  Skylab  Response  Program  uses  as  direct  Inputs  the  outputs  of  the 
Data  Generation  Program  (since  th*  two  can  bs  considered  conceptually  as  a 
single  program).  Its  outputs  are  time  domain  responses  of  the  attitude,  at- 
titude rate,  and  linear  and  angular  displacements  of  the  system  components. 
This  can  be  modified  to  print  out  any  desired  system  state  a*  a time  response. 
The  progrsm  Is  described  In  more  detail  in  Enclosure  3,  including  th*  assumed 
CMC  closed-loop  controller.  This  progrsm  Is  limited  to  a maximum  characteris- 
tic matrix  [A]  (Q  ■ AQ,  when  Q la  the  stats  vector)  of  68  x 68.  This  limits 
the  number  of  eigenvectors  to  30. 

This  program  computes  the  coefficients  of  a sot  of  linear  differential 
equations  (the  set  la  variable  In  site),  The  coefficients  are  put  into 
matrix  form;  this  matrix  le  Inverted  yielding  a simultaneous  solution  for 
the  highest  order  derivatives.  Th*  set  of  differential  equations  Is  then 
numerically  Integrated  with  respect  to  time  via  a 4th  order  Runge-Kutta 
method.  It  Is  the  purpose  of  this  program  to  speed  up  the  calculation  time 
for  these  mathematical  operations. 

Language:  The  programs  of  this  group  are  all  written  In  FORTRAN  IV. 

Reliability  and  Accuracy:  The  same  as  the  overall  NASTRAN, 

Developer:  The  program  was  developed  by  Computer  Sciences  Corporation  for 

NASA,  Marshall  Spaca  Flight  Center  (MSFC) . Contact 
Dr.  Sherman  M.  Seltzer 
Marshall  Space  Flight  Center 
Huntsville,  Alabama  35812 

Availability:  The  programs  are  available  from  MSFC  at  no  coat,  either  as 

program  listings  or  actual  documentation. 

Subjective  Caaments:  The  SSAPG  was  developed  to  perform  the  above  described 

analysis  for  large  scale  rotating  structures  consisting  of  connected 
rigid  bodies  and  attached  flexible  appendages.  The  Unified  Flexible 
Spacecraft  Simulation  Progrsm  (UFSSP)  performs  part  of  the  teak  retain- 
ing nonllnaarltles.  The  disadvantage  of  this  more  accurate  (nonlinear) 
protrayal  of  the  aquation*  of  motion  Is  that  the  dimension  of  the  prob- 
lem that  can  be  attacked  and  lmplemantad  successfully  by  a computer  la 
considerably  lass  than  can  be  done  for  tha  linearized  SSAPG.  In  the 
development  of  the  latter,  It  was  fait  that  the  steady  stats  equilibrium 
(l.e.,  a constant  spin  rats  about  which  perturbations  are  permitted) 
was  sufficiently  accurate  since  most  systems  envisioned  are  either  stable 
or  altered  to  b*  so;  hence,  large  state  displacements  and  rotations 
are  not  expected. 


Structural  Performance  Analysis  and  Redesign  (SPAR) 

SPAR  Is  a general  purpose,  finite  slsmant  structural  analysis  computer  progrsm. 
It  models  complicated  aerospace  structures  as  assemblages  of  elements  such  as 
baasu,  plat**,  and  shall*.  Currant  capabilities  include  static  analysis  for 
point  loads  or  motions,  lnartlal  loads,  tampsrstur*  distributions,  and  pres- 
sure loads;  normal  mode  analysis  including  offset  of  prsstrsss  and  spectral 
shift;  and  bifurcation  buckling  calculation. 

Any  problem  of  tha  typo*  Ax  ■ y or  (A  - XB)x  * 0 can  bo  solved  where  x 
and  A ar*  unknown  and  A and  B sr*  any  linear  combination  of  th*  system  mass, 
stiffness,  and  geometric  stlffnsss  matrices. 

Th*  outstanding  characteristic*  of  SPAR  Include: 

High  computation  speed  - up  to  20  tlmas  as  fast  as  NASTRAN  for 
lsrga  problems. 
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Low  computer  core  requirement  - many  significant  problems  cen  be 
worked  using  demand  keyboarda. 

Simplified  minimum  Input. 

The  high  performance  of  SPAS  ie  achieved  by  extenalve  uee  of  the  executive 
routlnee  and  the  recondary  etorage  available  on  third-generation  computers, 
the  fact  that  the  program  la  modularized,  en  efficient  library  syetem,  and  ef- 
ficient sparse  matrix  routines  and  Iteration  procedures. 

A data  base  comprised  of  automatically-maintained  direct  access  libraries 
(DAL's)  is  used  to  provide  a means  of  Information  exchange  between  an  array  of 
totally  Independent  absolute  programs  (processors).  The  DAL's  are  generated, 
serviced,  and  Interrogated  using  a system  of  routines  collectively  called 
IMSYS  (Information  management  system).  IMSYS  la  written  almost  entirely  in 
FORTRAN,  and  operates  nearly  identically  on  UNIVAC,  CDC,  and  IBM  systems. 

A data  set  already  in  a DAL  may  ba  replaced  by  using  IMSYS  to  enter  Into 
the  DAL  a new  data  set  having  the  same  name.  Among  other  services,  IMSYS  pro- 
vides the  ability  to  interrogate  DAL's  to  determine  their  contents,  delete 
data  sets,  selectively  copy  data  sets  from  one  DAL  to  another,  to  copy  (and 
subsequently  retrieve)  entire  DAL's  from  disk  or  drum  to  tape,  etc. 

Through  IMSYS,  DAL's  can  be  created  ard  utilized  In  a wide  variety  of  ways, 
without  concern  for  DAL  Internal  format,  or  for  the  procedure  implemented  by 
IMSYS  routines  in  actually  executing  the  data  transmissions. 

The  crucial  factor  In  Implementing  the  DAL  approach  was  to  minimize  the 
Input-output  activity  required  by  IMSYS  without  using  an  excessive  amount  of 
core  storage  for. directories,  and  without  restricting  DAL  generality  (e.g.  the 
form  and  number  of  data  sets  In  a single  DAL,  the  number  of  separate  DAL's  sl- 
multaneou  Ly  activated,  etc.).  The  method  used  In  IMSYS,  which  involves  dynamic 
swapping  of  segments  of  DAL  tables  of  contents  between  secondary  storage  and 
small  ln-core  directory  area,  has  shown  excellent  performance.  In  SPAR  appli- 
cations, most  DAL  operations  have  been  observed  to  require  a single  Input  or 
output  access. 

Other  significant  feature:.  Include: 

The  computer  execution  coats  achieved  by  the  basic  static  solution 
routines  are  very  close  to  tha  minimum  that  can  possibly  be  attained 
using  direct  solution  procedures,  generally  affording  substantial  savings 
when  compared  with  the  costs  associated  with  constant  or  variable -width 
band  matrix,  "active  column",  or  partitioning  solution  methods  used  In 
other  programs . A number  of  run-time  comparisons  with  other  well-known 
finite  element  programs  have  bean  made.  In  no  case  has  any  other  pro- 
gram been  found  to  execute  as  fast  as  SPAR,  even  for  structures  Ideally 
suited  to  band  matrix  or  active  column  methods;  and  In  large  problems 
very  substantial  dlffarences  In  run  time  (e.g.,  factors  of  10  or  more) 
have  often  been  observed. 

SPAR  attains  Its  low  execution  costs  through  the  use  of  a solution 
technique  baaed  on  a direct  ellzdnatlon  procedure  which  (unlike  band- 
matrix,  active  column,  etc.)  techniques  avoids  virtually  all  unnecessary 
arithmetic  operations  by  recognizing  In  essentially  complete  detail  the 
sparsity  characteristics  of  network  stiffness  matrices. 

The  element  repertoire  Includes  a very  general  class  of  beam  elements 
and  3 and  4-nose  plata/shell  membrane  and  bending  elements  (Isotropic, 
orthotropic , or  aeolotroplc) . Beam  elements  may  Include  effects  of  shear 
center/centroid  offsets,  transverse  shear  deflection,  and  non-uniform 
torsion.  Section  properties  (moments  of  Inertia,  area,  shear  deflection 
constants,  torsion  constants,  principal  axis  orientation,  shear  canter 
location,  etc.)  may  ba  Input  directly,  or  the  program  will  compute  them 
for  many  types  of  sections  (wlde-flanges,  boxes,  tube,  angles,  zees, 
channels,  tees),  glvsn  only  the  section  dimensions  as  Input. 

Plate/sheli  membrane  and  bending  element  formulations  based  on  "hy- 
brid” variational  methods  are  Included,  providing  substantial  improve- 
ments In  the  accuracy  of  displacements  and  stresses.  Three-dimensional 
liquid  and  solid  elements  are  planned  for  the  near  future. 

Loadings  Include  point  forces  and  mosMnts  at  joints,  pressure  loads, 
non-zero  specified  joint  motions  (in  "oblique”  directions.  If  required), 
and  thermal  loading.  Oblique  joint  restraint  Is  allowed. 
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The  date  Input  apparatus  la  dealgned  to  minimize  the  amount  of  man- 
ual effort  required  to  prepare  data  decke  for  large-ecala  applications. 
Extenalva  uaa  la  made  of  "libraries"  of  beam  and  shell  section  proper- 
ties, material  conatante,  etc..  In  generating  problem  definitions.  This 
method  usually  reduces  greatly  the  amount  of  manual  effort  (and  proba- 
bility of  error)  In  preparing  data  decks  for  large  structures.  For  ex- 
ample, the  section  properties  of  a beam  ara  "defined"  by  referring  to 
the  applicable  eat  of  data  In  one  of  the  libraries.  Accordingly,  the 
detailed  definition  of  each  unique  section  appears  in  the  Input  data 
only  once,  regardlesu  of  how  many  elements  have  that  particular  section. 

Multl-dimeneional  "network  generators"  of  Input  data  for  element 
definitions,  position  coordinates,  constraint,  applied  loading,  etc.  are 
provided . 

Input:  An  arbitrary  number  of  data  sets  may  be  entered  Into  a DAL  using  IMSYS. 
When  a program  rsqueata  IMSYS  to  Insert  a data  set  Into  a DAL,  the  follow- 
ing Information  must  be  given: 

A "name"  (several  words,  which  may  be  numeric  or  alpha-numeric) 
uniquely  Identifying  the  data  set. 

An  error  statue  code  for  the  data  set. 

Information  describing  the  size,  configuration,  and  position  (In 
core)  of  the  data  set. 

IMSYS  then  stares  the  data  set  in  the  DAL,  and  updates  the  DAL  table  of 
contents  enabling  the  data  set  to  be  retrieved  from  the  DAL  by  direct  sc- 


Outputs  To  extract  a data  set  from  a DAL,  the  following  information  la  sup- 
plied to  IMSYS: 

The  name  of  the  data  set. 

The  position  In  core  where  the  data  set  Is  to  be  stored,  when  re- 
trieved from  the  DAL. 

An  error  action  code  Indicating  to  IMSYS  the  action  to  be  taken  If 
various  abnormalities  arise;  e.g.  If  no  such  data  set  exists,  or  If 
found  to  be  marked  In  error,  or  if  there  la  not  sufficient  space  In  core 
to  hold  the  data  set,  etc. 

Language:  FORTRAN  IV,  UHIVAC  1108,  ODBC  8 only,  (A  CDC  6600  version  will  be 

completed  simultaneously  for  NASA  Langley  Research  Center.),  Assembler, 
Map. 

Usage:  The  program  has  not  yet  had  extensive  use  but  appllcetlon  la  starting 

on  several  NASA  Marshall  Space  Flight  Center  (MSFC)  projects  Including 
the  Space  Shuttle,  the  Large  Space  Telescope,  and  the  Spacelab. 

Contact;  Larry  Kief ling 

Marehell  Space  Flight  Center 
Huntsville,  Alabama  35812 


W.  D.  Whets tons 

Lockheed  Palo  Alto  Research  Laboratory 
Palo  Alto,  California  94304 


Jamea  C.  Robinson 
NASA  Langlay 
Hampton,  Virginia  23665 

The  program  was  developed  by  Lockheed  Mlesllee  and  Space  Company  (DISC). 
The  development  was  funded  by  HSFC  with  contributions  from  NASA  Langley 
and  the  U.S.  Army. 

Availability:  It  haa  been  submitted  to  COSMIC  for  releaaa. 

Subjective  Comments:  Some  of  the  advantages  of  SPAR  are:  low  computer  execu- 

tion cost,  larga  capacity,  demand  terminal  operational  capability,  eingle 
Input  logic,  hybrid  polygon  elements,  modular  logic,  and  flexible  output 
capability. 


Unified  Flexible  Spacecraft  Simulation  Program  (UFSSF) 


UF8SP  la  designed  to  provide  a generalized  analytical  tool  for  simulating  the 
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dynamic  response  of  aultlbodled,  controlled,  flexible  space  vehicles  subjected 
to  environmental  and  operational  disturbances. 

UFSSP  accepts  as  a configurational  modal  any  general  system  of  up  to 
eighteen  bodies  Interconnected  In  a topological  tree  configuration  with  ter- 
minal flexible  members.  Up  to  three  rotational  degreea  of  freedom  are  al- 
lowed between  adjacent  bodies,  and  tha  Interconnection  points  can  move  with 
respect  to  the  bodies. 

Tha  program  user  basically  supplies  the  number  of  bodies  in  his  model, 
the  topology  and  geometry  of  their  Interconnections,  the  mass  properties 
for  each  body,  and  a modal  description  for  each  flaxlble  body.  The  digital 
program  then  utilises  an  Inductive  algorithm  [15]  to  synthesise  and  inte- 
grate the  complete  dynamic,  kinematic  and  control  equations  of  tha  specific 
system  model.  Thus,  a wide  variety  of  space  vehicle  configurations  can  be 
readily  almulatad  by  merely  modifying  the  program’s  Input  data;  no  derivation 
of  dynamic  equations  Is  ever  required  of  the  user. 

The  spacecraft  modal  la  psrmlttad  to  undergo  a complataly  arbitrary  large- 
angle  motion,  and  prescribed  forces  and  torques  may  be  applied  to  all  bodies. 
The  flexible  characteristics  of  the  terminal  members  of  the  model  are  described 
by  means  of  three-dimensional  orthogonal  deformation  functions  (structural  dy- 
namic modes).  These  modes  provide  a realistic  description  of  the  vehicle's 
flexibility  with  as  many  degress  of  freedom  as  Is  necessary  for  a particular 
problem.  The  required  Input  structural  dynamic  modes  are  derived  separately 
In  any  of  several  computer  codes  (e.g.,  NASTRAN,  SAMIS,  TKW's  Structural 
Modal  Analysis  Program) . An  automated  Input  routine  allows  tha  user  to  Input 
the  modal  data  either  on  cards,  magnetic  tape  or  aa  a disk  file. 

The  UPSS  program  provides  a complete  simulation  system  by  incorporating 
basic  subroutines  for  automated  calculation  of  the  following  system  charac- 
teristics: rigid  and  flexible  body  dynamics,  generalised  control  system 

actuation,  interconnection  and  Internal  flexible  member  dynamic  loads,  gener- 
alised Keplerlan  orbit  parameters,  and  environmental  disturbance  affects. 

The  control  subroutine  (CONTROL)  forma  the  active  forcea  and  torques 
that  act  upon  the  dynamic  system.  CONTROL  accepts  automated  sensor  Inputs 
(e.g.,  dynamlc/orbltal  variables,  unit  vectors  to  the  earth,  sun,  etc.)  from 
the  dynamics  subroutines,  and  returns  forces  and  torques  to  appropriate  con- 
trol points  on  user-defined  bodies. 

The  structure  of  CONTROL  Is  such  that  tha  user  can  very  quickly  and  ef- 
ficiently synthesize  hie  specific  control  system.  This  Is  due  to  tha  fact 
that  CONTROL  contains  a series  of  packaged  subroutines  that  typify  the  most 
common  elements  normally  encountered  In  control  system  analysis  (e.g.,  single 
end  double  pola  networks,  hysteresis,  dsad-zone  etc.).  The  user  :an  also  coda 
part  or  all  of  his  control  system  In  FORTRAN  If  he  so  desires. 

Tha  environmental  disturbance  subroutine  provides  automated  calculation 
of  gravity-gradient,  geomagnetic,  aerodynamic  and  solar  radiation  pressure 
disturbances. 

Determination  of  the  dynamic  loads  within  tha  system  modal  Is  divided 
Into  two  basic  phases.  In  the  first  phsse,  ths  forces  and  moments  acting 
at  aach  interconnection  between  adjacent  bodies  are  calculated  within  the 
program  via  Information  available  from  the  dynamics  subroutines.  In  the  second 
phase,  the  mode-acceleration  method  la  utilised  to  calculate  Internal  loads 
within  any  desired  member  of  the  structural  model  for  a given  terminal  body. 
These  Internal  loads  are  calculated  by  a separate,  stand -along  program  oper- 
ating upon  a epeelal  loads  history  tspe  generated  by  the  UPSS  Program.  Thus, 

If  only  the  Interconnection  loads  are  desired,  these  can  be  obtained  from  the 
UPSS  Program  time  history  run  Itself  by  merely  setting  the  LOAD  option-  flag 
to  "ON". 

Significantly,  the  present  UTSS  Program  simulates  the  dynamics  of  rapidly 
spinning  flexible  bodies  whose  structure  can  be  defined  by  a apses  curve  (e.g., 
rotors,  booms,  antennae)  or  by  a plate  model  (e.g.,  a solar  array).  The 
method  of  handling  the  spinning  of  flexible  bodies  Is  based  on  addition  of  a 
modified  displacement  function  (curvature  shortening  effect)  for  each  flexible 
body,  thereby  Including  tha  centrifugal  stiffening  effect  as  well  es  other  ac- 
celeration effects.  This  method  utilises  tha  non-spinning  real  modes  as  Input 
for  aach  flexible  body;  all  spin  corrections  are  computed  Internally  by  the 
program. 
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Language:  The  program  is  written  exclusively  in  FORTRAN  IV. 

Hardware:  The  program  is  operational  on  both  the  CDC  6000  series  computers 
and  on  the  UNIVAC  1108  system.  Additional  equipment  Includes  a total  of 
four  tape  or  disk  units,  plus  standard  printers  and  readers  as  well  as  a 
Calcomp  plotter.  The  core  storage  requirement  for  the  program  is  approxi- 
mately 146K  octal  words.  A time-share,  rigid-body  version  has  also  been 
Implemented  which  requires  only  58K  octal  words  of  core. 

Usage:  The  UFSS  program  is  presently  checked  out  and  operational  at  the  fol- 
lowing Installations:  TRW  Systems  Group,  the  NASA  Marshall  Space  Flight 

Center  (MSFC) , the  NASA  Johnson  Space  Center  (JSC),  end  ERNO  Raumfahrt- 
tecknik  GmbH  (Bremen,  Germany). 

Contact:  D.  J.  Ness 

TRW  Systems  Croup 

Redondo  Beach,  California  90278 

Availability:  The  UNIVAC  1108  Versions  are  available  from  TRW  Systems  Group. 

Subjective  Consents:  In  addition  to  routine  simulation  tasks,  the  program  Is 

Ideally  suited  to  provide  simulation  support  In  proposal  and  other  short- 
duratlon  efforts  due  to  its  rapid  turn-around  time,  far  reaching  generali- 
ty, and  operational  status.  It  has  been  used  in  this  manner  at  TRW  for 
studies  on  such  vehicles  as  the  Background  Measurement  Satellite,  Pioneer 
F/G,  Space  Shuttle,  and  the  ESR0/ESTEC  Geosynchronous  Observatory  Satel- 
lite (GEOS). 

A Skylab  I simulation  effort  provides  a prime  example  of  the  versa- 
tility and  rapid  response  available  with  UFSSP.  Reacting  to  a pre-launch 
request  from  the  NASA  Marshall  Space  Flight  Center  (MSFC)  TRW  and  NASA 
personnel  used  the  program  to  analyze  a potentially  serious  problem  In 
the  Apollo  Telescope  Mount  (ATM)  deployment  system.  The  problem  Involved 
dynamic  Interaction  between  the  flexible  deployment  cables,  the  deployment 
motor  dynamics,  and  the  reaction  control  system  on  the  S-IVB  Orbital  Work- 
shop (OWS).  Within  48  hours  from  task  Initiation,  the  latest  version  of 
the  UFSS  Program  was  Installed  and  operational  on  the  MSFC  computing  sys- 
tem, and  simulation  results  were  available  for  the  complete  two-body  de- 
ployment model — Including  the  three-axis  reaction  control  system  of  the 
S-IVB,  the  deployment  motor  dynamics,  the  flexible  cable  dynamics  and 
multiple  options  for  studying  cable  breakage  and  motor  failures. 

The  program  was  also  used  to  simulate  the  constrained  deployment  of 
the  damaged  OWS  solar  array  system  prior  to  the  successful  "space  repair” 
work  performed  by  Skylab  Commander  Pete  Conrad  and  his  crew.  The  deploy- 
ment equations  for  the  individual  solar  array  wings,  Including  their  slid- 
ing motions  and  aeparatlon  from  the  face  of  the  OWS,  were  coded  In  the 
control  subroutine;  simulation  results  for  the  system  were  completed  once 
again  within  48  hours. 


Westinghouse  Electric  Computer  Program  (WECP) 

The  WECP  simulates  the  dynamics  of  a spacecraft  consisting  of  an  arbitrary  tree 
structure  of  multiple  rigid  members,  with  or  without  partially  constrained 
Joints  (l.s..  Joints  with  less  than  3 degrees  of  freedom).  This  Includes  dis- 
cretized models  of  elastic  continue. 

The  following  items  can  be  Included  in  the  dynamics:  gravity  gradient  and 

solar  pressure  effects,  passive  (damping  and  elastic  reaction)  and  active  (con- 
troller) Internal  moments,  orbit  eccentricity,  and  termal  (direct  earth  and  di- 
rect plua  reflected  solar)  effecta.  The  RAE-1  application  computations  include 
specific  veluee  for  hlnga  moment  coefficients. 

The  general  tree  structure  of  rigid  members  can  include  segmented  rigid 
models  of  elastic  continua.  Internal  elastic  reactions  are  then  formed  through 
multiplication  of  a rigidity  constant  by  a deformation  gradient,  obtained  as  a 
weighted  sum  of  incremental  rotation  components  per  unit  segment  length.  Values 
for  weightings  are  supplied  by  numerical  differencing  theory.  Damping  reactions 
are  computed  from  relative  angular  rates,  easily  obtained  from  a programmed  al- 
gorithm. External  torques  (e.g.,  due  to  solar  radiation  and  gravity  gradient) 
conform  to  known  physical  relationships. 
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The  computer  program  la  subdivided  Into  five  parts.  Initial  setup  (fart 
0),  General  system  constants  (Pert  3)  and  General  numerical  Integration  (Part 
4)  are  applicable  to  any  tree-structure  satellite.  Parts  1 and  2 contain  the 
necessary  modeling  and  inputs  to  apply  the  program  to  the  Radio  Astronomy 
Explorer  (RAE-1)  satellite. 

The  program  can  be  adapted  to  various  satellite  configurations  by  changing 
the  satellite  parameters,  the  control  parameters,  and  the  initial  conditions. 

Typical  aatalllte  parameters  are  as  follows:  Total  number  of  rigid 

members;  number  of  locked  hinge  axes  and  their  identification;  the  Inertia 
matrix  and  mass  of  each  member;  undeformed  relative  orientations  of  adjacent 
members  (reference  shape);  hinge  coefficients;  incidence  matrix  and  connection 
matrix  as  defined  In  ( 2 ] ; effective  surface  area  for  solar  radiation;  ther- 
mal bending  constants  (proportional  to  absorptivity/conductivity  ratios).  On 
the  other  hand,  typical  control  parameters  and  Initial  conditions  are  as  fol- 
lows: Initial  angular  rate  and  orientation  of  each  member  (e.g.,  the  latter 

may  conform  to  the  previously  described  undeformed  shape);  number  of  orbits 
to  be  simulated  and  the  number  of  computer  print  Intervals  desired  per  orbit; 
numerical  Integration  error  control  parameter*  which  trade  off  economy  va. 
accuracy . 

The  entire  program  Is  based  on  [2,  3).  "'he  program  Is  fully  documented 
in  [16],  The  documentation  Includes  annotated  Fortran  listings,  with  specific 
equations  cited  from  accompanying  supporting  analysis  and  from  blog  aphlcal 
references. 

Language:  The  program  is  written  exclusively  in  FORTRAN  IV. 

Usage:  The  program  has  been  successfully  applied  to  the  RAE-1  satellite.  The 

results  compared  favorably  with  an  Independent  Lagranglan  analysis 
(17). 

Error  control  in  4th  order  Runge  Kutta  Integration  can  be  set  to 
10-*  rad  and  10'*  rad/sec  for  direction  cosines  and  angular  rates, 
respectively.  Model  fidelity  has  been  demonstrated  adequate  for  a 
4-hour  simulated  duration. 

Stable  computation  has  been  observed  with  orbit  eccentricities 
up  to  one-tenth. 

Contact:  J.  L.  Farrell 

Weatlnghouse  Electric  Corporation 

Baltimore,  Maryland 

The  program  was  developed  by  Weatlnghouse  for  NASA,  Goddard  Space  Flight 
Center. 

Availability:  The  program  Is  available  In  the  form  of  [16]  at  the  Clearing- 

house for  Federal  Scientific  and  Technical  Information,  Springfield, 
Virginia  22151. 

Subjective  Comments:  A positive  feature  of  this  program  Is  that  It  is  fully 

documented  [16].  The  documentation  Includes  full  annotated  listings 
and  analysis,  as  well  as  straightforward  direction  for  program  usage. 

Discretisation  of  a continuum  Is  successfully  modeled,  including 
specific  coefficient  formulations  and  adjustments  for  thermal  deforma- 
tions. 
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INTRODUCTION 

A toralonal  ayataa  la  ona  of  tha  major  aadla  for  aachanical  power  tranamls- 
alon  and,  thua,  It*  dynamic  bahavlor  haa  bean  tha  aubjact  of  aany  atudlaa. 

A typical  toralonal  energy  tranaalaalon  ayataa  la  tha  drive  train  of  an  auto- 
mobile. Another  coaaonly  uaad  ayatea  la  tha  propulelon  ayataa  of  a marine 
vaaaal  ji  shown  In  Fig.  1.  It  conalata  of.  a hafts,  bearlnga,  propeller*, 
gear  trains  and  turbine  or  reciprocating  anglnea.  Tha  vibration  analyela  of 
auch  a ayataa  uaually  lnvolvea  longitudinal,  tranavaraa,  and  toralonal  aodea 
and  their  coupled  motion* . Of  thaaa  aotlona  only  tha  toralonal  vibration 
will  ba  examined  In  thla  chapter.  Other  modea  of  vibration  can  bo  found  In 
the  chapter  reviewing  rotating  machinery. 

The  purpose  of  thla  chaptar  la  to  dlacuaa  tha  functioning  and  the 
capabllltiea  of  available  computer  programe  on  toralonal  vibration  anal/ala. 

A abort  deacrlptlon  of  the  algorithm*  moat  wldaly  uaad  In  toralonal  analyala 
will  be  praaanted  aa  background  Information  for  the  aummarlea  of  program* 
that  follow.  Bacauae  of  limited  reaourcea,  thla  review  may  not  be  complete. 


reduction 


METHODS  OF  TORSIONAL  ANALYSIS 

Defending  on  the  purpoae  of  tha  toralonal  analyala,  thare  are  different 
methodologlea  to  meet  one'*  requirement*,  auch  aa  periodic  raaponae,  tran- 
alent  raaponae,  optlmlxatlon,  and  atrength.  for  moat  toralonal  ay  a tarn*  the 
primary  daaign  requirement*  are  the  reault  of  a periodic  raaponae  or  harmonic 
analyala.  Tha  typical  Information  naadad  Include*  natural  frequenclea,  nodal 
shape* , and  critical  apeeda.  This  periodic  analyala  haa  been  successfully 
handled  by  tha  well  known  Holsar  method  and  the  extendad-Holxer  or  Prohl- 
Ky kies  tad  method.  On  the  other  hand,  racant  edvancea  In  technology  have 
required  the  transient  analyala  of  complex  toralonal  ayatama.  Several 
analyala  technlquas  auch  aa  the  f Salta  alament  and  bond  graph  method*  have 
been  utilised  for  thla  purpose.  They  will  be  described  briefly  her*  with  ih* 
Holser  type  transfer  matrix  method  which  can  alao  handle  the  transient  analy- 
ala with  a normal  mode  approach. 
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Holzer-Myklestad-Prohl  Method 

In  the  Holzer  method  [1],  the  shaft  element*  are  conaldered  as  massless 
springs  with  torsional  stiffness  and  the  disks  are  considered  sb  lumped 
masses.  A transfer  matrix  Is  developed  for  each  segment  to  relate  the  state 
variables  across  the  element  or  station.  Thus,  the  Holzer  method  utilizes 
transfer  matrices  to  propagate  the  effect  of  assumed  and  known  boundary  con- 
ditions through  an  N station  system  model.  The  Independent  variable  la 
frequency,  from  which  the  mode  shape  la  determined.  If  the  mode  shape 
satisfies  the  boundary  conditions  the  assumed  frequency  is  a natural  fre- 
quency. Both  trlal-and-error  and  iteration  procedures  have  been  used  In 
determining  the  frequency. 

When  damping  Is  considered  the  transfer  matrix  Is  not  affected,  but 
the  mass  and  stiffness  elements  are  replaced  by  complex  quantities.  Equiva- 
lent stiffness  and  inertia  are  used  in  the  cases  of  geared  torsional  systems. 
Similar  approaches  are  used  in  modeling  the  branches  In  the  torsional 
systems.  If  the  gear  ratio  Is  n,  then  the  values  of  the  stiffness  and 
Inertia  of  the  geared  shaft  are  multiplied  by  n?  Although  the  Holzer  twthod 
calculates  the  response  from  one  end  to  the  other  end,  a different  algorithm 
has  been  proposed  In  which  the  response  of  a branched  system  Is  obtained  by 
calculating  It  from  the  junctions  and  then  simultaneously  from  all  the 
branches  toward  their  respective  ends  [2], 

When  the  shaft  la  considered  as  a beam  structure  for  the  purpose  of 
obtaining  the  shear  stress  and  bending  moment  of  the  shaft  under  torsional 
motion,  the  Prohl-Myklestad  method  can  be  used  to  compute  progressively  the 
response  of  the  system  from  one  station  to  the  next  in  a manner  similar  to 
the  Holzer  method.  The  shaft  is  considered  as  a lumped  mass  connected  by 
the  massless  rod  elements.  This  method  can  also  be  used  to  calculate  the 
natural  frequencies  and  mode  ahapea  of  the  shaft  whirling,  which  is  coupled 
flexure-torsional  vibration. 


Finite  Element  Method 

In  this  method,  the  eauatlons  of  motion  of  s discrete  model  are  solved  by 
either  modal  superpc  I ion  or  direct  Integration  to  obtain  the  transient 
response  of  torsional  systems.  Because  the  available  finite  element  pro- 
grams such  as  HAS  TRAN  [ 3]  are  rather  large  compared  with  programs  based  on 
the  Holzer  method,  this  method  has  been  used  mostly  In  the  transient  analysis 
of  complex  torsional  systems. 

In  the  modal  method  only  the  vibration  modes  of  the  structure  in  a 
selected  frequency  range  are  used  as  degrees  of  freedom,  thereby  reducing  the 
transient  equations  Into  an  uncoupled  form  for  easy  solution.  In  the  direct 
Integration  method,  the  degrees  of  freedom  are  the  displacements  at  grid 
points. 

The  modal  method  Is  usually  more  efficient  In  problems  where  a small 
fraction  of  all  modes  Is  sufficient  to  produce  the  desired  accuracy.  The 
direct  method  Is  usually  more  efficient  for  problems  In  which  a large 
fraction  of  the  vibration  modes  are  required  to  produce  the  desired  accuracy. 


Method  of  Electric  Circuit  Analog 

This  method  of  analysis  [4,3]  Is  similar  to  the  method  of  four-pole  para- 
meters [ 6]  In  which  torque  is  analogous  to  voltage,  velocity  to  current. 
Inertia  to  Inductance,  flexibility  to  capacitance,  damping  to  resistance, 
and  gear  to  transformer.  Thus,  the  torsional  systam  Is  considered  as  an 
equivalent  electric  circuit  and  treated  as  a circuit  problem.  This  Implies 
that  the  system  Is  linear  and  can  be  represented  ms  thematically  by  a act  of 
differential  equations  with  constant  coefficients.  This  approach  has  the 
advantage  that  the  entire  body  of  circuit  analysis,  including  computing 
algorithms,  can  be  used  directly  where  applicable.  Steady-state  and  tran- 
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Blent  analyse!  have  been  carried  out  with  this  oethod.  Branched  torsional 
systems  can  be  aodeled  easily  with  the  electric  circuit  analog.  In  addition, 
a nodular  approach  is  possible  with  this  method. 

Parameters  and  lapedance  of  components  of  a torsional  systen  can  be 
measured  and  used  as  building  blocks  for  the  construction  of  other  models. 
Prograaa  using  this  method  are  proprietary  In  nature.  However,  since  there 
are  many  electric  circuit  programs  available,  users  can  establish  the  circuit 
block  diagrams  and  conduct  the  analysis  with  the  circuit  analysis  program. 


Method  of  Bond  Graphs 

The  method  of  bond  graphs  Is  specifically  designed  to  expedite  the  modeling 
of  physical  dynamic  systems  In  which  power  Interactions  are  Important.  Al- 
though this  method  has  been  In  existence  for  more  than  a decade,  many  engi- 
neers are  not  familiar  with  Its  advantages.  Recent  studies  [ 7,8,9]  Indicate 
that  this  method  can  be  successfully  applied  to  the  analysis  of  various 
geared  torsional  vibrations. 

In  this  method,  the  physical  systems  are  treated  In  a manner  similar 
to  that  of  the  method  of  electric  circuit  analog.  However,  the  junction 
structure  of  the  bond  graph  method  has  much  more  variety  than  the  Klrchhoff 
structure  used  In  the  electric  circuit  theory.  In  addition,  this  method 
can  be  used  to  model  the  torsional  system  and  Its  Interface  with  other 
energy  media,  such  as  that  In  a torsional-electric  or  torsional-hydraulic 
system.  A bond  graph  la  made  up  of  elements  Indicating  where  energy  is 
generated,  stored  or  dissipated,  connected  by  lines  called  bonds.  Each  bond 
represents  a unl-modal  power  transmission.  The  modular  approach  Is  used  to 
construct  the  model.  Both  steady-state  and  transient  analyses  can  be  con- 
ducted with  the  bond  graph  method.  It  Is  capable  of  analyzing  nonlinear 
torsional  vibrations  In  lumped  or  distributed  models. 


Selecting  a Method 

In  selecting  the  method  of  analysis  the  user  should  keep  In  mind  what 
hla  requirements  are.  In  general,  a torsional  analysis  m.  thod  should  pro- 
vide the  capabilities  to  model  the  following  aspects  of  a dynamic  system 
throughout  the  prescribed  range  of  operations: 

1.  Speed  transmission  through  gear  sets,  rollers,  belt-pulley,  etc. 

2.  Friction;  both  friction  to  ground  (bearing)  and  friction  associated 
with  slippage  (roller  drive,  for  example).  Both  linear  and  nonlinear  fric- 
tion models  should  be  provided. 

3.  Distributed  shaft  span  and  gear  span,  to  include  systems  for  which 
the  wave  length  of  torsional  mode  energy  la  of  the  sane  order  or  shorter 
than  one  or  more  shafts  In  the  gear  span. 

4.  Lumped  mass  and  compliance  to  account  for  such  dynamic  effects  as 
gear  Inertia,  gear  tooth  compliance,  and  flywheel  lnartla. 

5.  Backlash  phenomena  of  meshing  gear  pairs.  This  phenomena  causes 
considerable  dynamic  loads  In  torsional  systems  where  transient  vibration  Is 
of  a primary  concern. 


PROGRAM  SUMMARIES 


There  are  a large  number  of  computer  programs  available  for  torsional  analy- 
sis, ranging  from  single  shaft  Holier  programs  for  natural  frequencies  to 
transient  torsional  dynamics  programs  for  nonlinear  responses  of  complex 
geared  systems.  These  computer  programs  have  been  classified  Into  two  cate- 
gories: (1)  general  purpose  programs  which  are  general  structural  dynamics 

programs  and  thus  capable  of  handling  complex  torsional  systems,  and  (2) 
special  purpose  programs  which  are  developed  for  the  special  needs  of  tor- 
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slonal  analysis.  Since  the  general  structural  dynamics  programs  are  reviewed 
In  another  chapter  here  and  In  [10],  only  a few  programs  will  be  dlacuaaed 
here  with  the  understanding  that  other  structural  dynamics  programs  can  also 
be  used  for  torsional  analysis.  A more  detailed  summary  of  the  available 
special  purpose  programs  follows  the  discussion  of  general  purpose  programs. 
Note  that  two  recent  papers  on  rotor  bearing  systems  [11]  and  structural 
members  [12]  have  also  Included  torsional  programs  In  thalr  surveys. 


General  Purpose  Programs 

The  most  familiar  general  purpose  structural  analysis  program  probably  Is 
NASTRAN.  It  hat  the  capabilities  to  do  nonlinear  transient  analysis.  But 
It  la  usually  uaad  in  the  linear  transient  analysis  and  harmonic  analysis 
of  torsional  systems.  Using  the  algorithm  of  the  finite  element  method, 
NASTRAN  Is  suitable  for  large  complex  systems.  Because  of  ths  large  size 
and  rigid  structure  of  NASTRAN,  It  Is  not  recommended  for  the  occasional 
user  or  for  simple  analyses.  Only  if  the  program  Is  available  ln-house  and 
experienced  prograaera  are  available,  will  NASTRAN  be  considered  for  general 
torsional  analysis. 

On  the  other  hand,  there  are  other,  simpler  structural  dynamic  pro- 
.'*  grams  available  for  linear  torsional  problems.  One  of  them  Is  ths  General 

Bending  Response  Program  [13]  and  SHAPTRAN  [14]  for  the  analysis  of  marina 
propulsion  systems  as  wall  as  ship  vibrations.  Ths  algorithm  of  ths  Prohl- 
Myklestad  method  Is  used  In  the  development  of  these  programs,  which  can 
handle  coupled  flexure-torsional  problems  In  addition  to  torsional  vibra- 
tion. A ahort  suaaury  of  these  two  programs  Is  listed  here: 


General  Bending  Response  Program  (GBRP) 

t 

Date:  First  version  was  Issued  In  1962. 

Capability:  Steady-atate  and  transient  vibration  analyses  of  torsional 

systems  with  damping 

Method:  Finite  difference  method 

Limitation:  Applicable  to  linear  systams 

Input:  Physical  paraawLera  of  torsional  systems.  Sampled  time  history  of 

ths  forces  acting  on  the  system  in  ths  transient  analysis. 

Output:  Displacement,  torque,  and  rotation  In  tables  and/or  SC  4020  plots 

Language:  FORTRAN  IV 

Hardware:  CDC  6000  Series,  UNIVAC  1108,  IBM  360  (100  to  130R  Core  on  CDC). 
The  core  requirement  of  the  newer  version  Is  strictly  a function  of 
ths  application. 

Usage:  The  program  has  been  In  application  since  1962  on  ships,  propulsion 
aystsms,  end  various  machinery.  In  addition  to  torsional  analysis.  It 
can  handle  transverse,  longitudinal  vibration  and  shaft  whirling 
problems. 

Developer:  Illtabeth  Cuthill  and  Francis  Henderson 
Computation  and  Mathematics  Department 
NSRDC 

Set  heeds,  MD  20084 

Availability:  Available  through  developer 

Other  Comment:  Program  is  well  documented  and  tested.  An  NSRDC  P-eport, 

"An  Updated  Guide  to  the  Use  of  General  Bending  Response  Program 
(GBRP),"  by  M.E.  Golden  and  F.  Henderson  Is  In  preparation  for  the 
newer  version  of  the  program. 
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Date:  Developed  In  1971 

Capabilities:  Vibration  of  a general  marine  propulsion  system  due  to 

steady-state  excitation  from  the  propeller. 

Method:  Transfer  matrix  method 

Limitation:  Applicable  to  linear  systems 

Input:  Physical  parameters  of  the  systems  under  investigation 

Output:  Natural  frequencies,  mode  shape,  and  critical  speed  as  veil  as 

forced  damped  responses  of  the  system  such  as  stress  and  deflection 
under  steady  load. 

Language : FORTRAN  IV 

Hardware:  CDC  6600  Computer 

Usage:  It  has  been  checked  for  accuracy  with  a number  of  exact  solutions 

for  simple  structures.  Results  of  illustrative  examples  for  applica- 
tion are  presented  in  the  docmentatlon. 

Developer:  Marine  Vibration  Associates 

Belmont,  HA  02178 

Availability:  Available  through  the  developer. 

Other  ComaKnt:  The  program  can  handle  a variety  of  shaft-type  problems  such 

as  whirling  and  flexiable  rotor  notion.  The  program  treats  the  shaft 
elements  as  simple  Euler-Bernoulll  beams  or  as  generalized  Timoshenko 
beams. 

In  addition  to  the  general  purpose  structural  dynamic  programs,  general 
purpose  simulation  languages  such  as  ths  Continuous  Systems  Simulation 
Language  (CSSL)  of  CDC  and  Continuous  Systems  Modeling  Program  (CSHP)  of 
IBM  can  also  be  used  to  calculate  the  responses  of  geared  torsional  systems 
[IS].  To  use  these  programs  the  user  should  provide  the  dynamic  equations 
and  physical  parameters  as  Input  while  the  computing  systems  will  supply 
the  Integration  and  processing  capabilities. 


Bond  Graph  Programs 

There  are  two  bond  graph  programs  available  for  torsional  analysis. 

ENPORT-4  [16],  which  Is  discussed  in  the  chapter  by  Karnopp,  has  bean  used 
In  many  computer  systems  for  various  dynamic  system  simulations.  Less  dis- 
tributed and  not  as  wsll  documented  la  the  program  DBOND  [17],  which  has  been 
specifically  modified  for  ths  analysis  of  complex  nonlinear  torsional 
systems  [9].  Both  programs  may  be  obtained  by  users  from  their  respective 
developers.  Because  these  programs  have  base  developed  for  general  dynmnlc 
systems,  they  are  very  simple  to  use  once  ths  modeling  process  is  under- 
stood. Compared  with  other  general  purpose  programs,  bond  graph  programs 
provide  a simpler  and  graph-oriented  simulation  program. 


Special  Purpose  Programs 

Summaries  of  the  available  special  purpose  programs  srs  listed  below.  Some 
of  the  summaries  are  taken  from  information  supplied  by  developers  of  ths 
programs . 

CADEM8E-22 

Date:  September  1970 

Capability:  Torsional  critical  speeds  of  a geared  system 
Method:  Holier  Method 

Input:  Physical  parameters  and  operational  range  of  torslonsl  systems 
Output:  Natural  frequencies,  mods  shapes,  and  critical  speeds 

Language:  FORTRAN  IV 
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Hardware:  CDC  6600  (20000  word*) 

Usage:  Applicable  to  systems  with  branchea,  gears,  eplcycllc  gears,  and 

elastic  torsional  connections. 

Developer:  Mechanical  Technology,  Inc. 

968  Albany-Shsker  Road 
Latham,  NY  12110 

Availability:  Available  through  developer 

Other  Comment : Able  to  handle  planetary  geara.  Steady-state  analysis. 


CADENSE-23 


Date:  September  1970 

Capability:  Damped  torsional  response  of  geared  systems 

Method:  Holier  Method 

Input:  Physical  parameters  and  frequency  range  of  geared  systems 

Output:  Torque  and  displacement  distribution  and  gear  tooth  force 

Language:  FORTRAN  IV 

Hardware:  CDC  6600  (40000  words) 

Usage:  Applicable  to  systems  with  gears,  branches,  single  reduction  gear 

and  constraint  to  ground  with  stiffness  and  damping 
Developer:  Mechanical  Technology,  Inc. 

968  Albany-Shaker  Road 
Latham,  NY  12110 

Availability:  Available  through  developer 

Other  Constant:  Can  accept  excitation  in  the  form  of  gear  manufacturing 

error.  Steady-state  analyala. 


CADENSE-24 


Date:  February  1973 

Capability:  Tranalent  response  of  geared  aystema  with  backlash  and  branchea 

Method:  Fourth-order  Rung-Kutta  Method 

Input:  Fhyalcal  parameters,  torque  or  velocity  history,  initial  displace- 

ment or  velocity 

Output:  Torque,  displacement  in  time  domain  with  plots  of  torque 

Language:  FORTRAN  IV 

Hardware:  CDC  6600,  UNIVAC  1108  (64000  words) 

Usage:  Dynamic  loads  on  gears  and  rolling  mills,  drive  train  start-up,  etc. 

Developer:  Mechanical  Technology,  Inc. 

968  Albany-Shaker  Road 
Latham,  NY  12110 

Availability:  Available  through  developer 

Other  Comment:  Has  been  verified  and  runs  effectively  on  those  cases 
studied  [18]. 
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Capability:  Critical  frequencies  and  forced  undamped  response  of  geared 

systsaa 

Method:  Bolter  type  transfer  matrix  method 

Input:  Physical  parameters  of  torsional  systems 
Output:  Torsional  critical  frequencies  and  forced  dynamic  responses 
Hardware:  CDC  6600  (32000  words) 

Usage:  Applicable  to  branched  gear  train  including  lumped  Inertia, 

torsional  spring  to  ground  and  external  loads. 

Developer:  S.  M.  Hang 

I.B.M.  Research  Center 
Yorktown  Heights,  NY  10598 
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Availability:  Professor  I.E.  Morse,  Jr. 

Unlveralty  of  Cincinnati 
Cincinnati,  OH  45271 

Other  Comment:  Shear  atress  may  be  calculated.  See  Ref.  (19)  for  detailed 

Information. 
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TABU 

Capability:  Steady-atate  reaponae  of  branched  ayatema 

Method:  Stlffneaa  matrix  method 

Input:  Phyalcal  parameters  of  toralonal  ayatema 

Output:  Natural  frequencies  and  mode  ahapea 

Language ; FORTRAN  IV 

Hardware:  CDC  6600  (30000  worda) 

Usage:  Linear  branched  toralonal  ayatema 

Developer:  Southveat  Reaearch  Institute 

8500  Culebra  Road 
San  Antonio,  TX  78284 

Availability:  Available  through  developer 

Other  Coaaaent : A forcing  function  and  modal  damping  may  be  Included  to 

calculate  shear  stress. 


T0FA 

Date:  August  1971 

Capability:  Frequency  response  of  ahaft-dlak  systems 

Method:  Holser  Method 

Input:  Physical  parameters,  limited  to  50  segments 

Output:  Natural  frequencies  and  mode  ahapea 

Language:  FORTRAN  IV 

Hardware:  CDC  6600  (12000  words) 

Usage:  Applicable  to  rotor  ayatema  In  coolant  pumps  of  nuclear  reactors. 

Developer:  Atomic  Energy  of  Canada,  Limited 

Chalk  River  Nuclear  Laboratories 
Chalk  River,  Ontario 

Availability:  Available  through  developer 


Rotating,  Twisted  Beam 

Capability:  Steady-state  response  of  toralonal  structures 

Method:  Linear  lumped  parameter  model  with  Holcer-type  method 

Input:  Lumped  parameters  of  toralonal  structures 

Output:  Natural  frequencies  and  mods  shapes 

Hardware:  FORTRAN  IV 

Usage:  Applicable  to  torsional  and  coupled  torsional-flexure  notions 

Developer:  Rochester  Applied  Science  Associates,  Inc. 

Rochester,  NT  14601 

Availability:  Available  through  developer  or  COSMIC  Program  No.  LAR-11461 

Other  Comment:  Can  also  handle  twisted  beam  stress  analysis 


COSMIC  Program  Mo.  KFS-2485 

J 

Capability:  Steady-state  responses  of  linear  systems 

Method:  Holier  Method 

Input:  Lumped  parameters  of  torsional  systems 

Output:  Natural  frequencies  and  mode  shapes 

Language  FORTRAN  IV 
Hardware:  IBM  360 
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Usage:  Free-free  and  free-fixed  shaft  ayateaj 

Developer:  Rocketdyne 

6633  Canoga  Avenue 
Canogs  Park,  CA  91304 

Availability:  Available  through  developer  or  COSMIC  Program  No,  MFS-2485 

Other  Consent:  Another  version  of  this  program  (COSMIC  Program  No.  MFS- 

1488)  la  designed  for  IBM  7094  computing  systems. 


TWIST 


Date:  January  1973 

Capability:  Static  and  free  dynamic  torsional  systems,  including  gears. 

Method:  Holzer-type  transfer  matrix  method 

Input:  Lumped  parameters  of  torsional  systama 

Output:  Natural  frequencies  and  mode  shapes 

Language:  FORTRAN  IV 

Hardware:  CDC  6000  Series,  IBM  370,  UNIVAC  1108 

Usage:  Applicable  to  twisting  motion  of  torsional  systems  under  steady 

loading. 

Developer:  P.  Y.  Chang 

W.  D.  Pllkay,  University  of  Virginia,  Charlottesville,  VA 
Availability:  The  Structural  Members  User's  Group,  Ltd. 

P.  0.  Box  3958 
Chariot tssvills,  VA  22903 

Other  CossMnt:  Maas  can  be  modeled  as  lumped  or  continuous,  or  a combina- 

tion of  both. 


CONCLUDING  COMfEMTS 

1.  Of  the  many  special  purpose  programs  available,  most  are  developed 
for  the  steady-stats  analysis  of  geared  systems.  Although  some  can  be 
extended  to  transient  analysis,  only  program  CADENSE-24  provides  the  tran- 
sient analysis  modal  with  backlash  capability. 

2.  The  general  purpose  programs  can  meat  the  need  of  most  users. 

These  programs  are  different  from  each  other  In  methodology  and  size.  Thus, 
the  advice  of  a specialist  Is  recomaunded  In  selecting  and  applying  the 
appropriate  program. 

3.  There  Is  s need  for  a user-oriented  program  capable  of  doing  both 
ateady-etata  and  transient  analyses.  The  program  must  be  well-documented , 
easy  to  learn,  and  accompanied  by  good  Input  and  output  formats  and  proces- 
sors. The  bond  graph  programs  ENF0RT-4  and  DBOND  seem  to  meet  these 
requirements.  But  most  users  are  not  f amlllar  with  this  method. 

4.  The  results  of  the  torsional  analysis  should  be  compared  with  the 
performance  of  a complex  torsional  system  to  assess  ths  offset  of  the 
various  physical  parameters  in  the  programs.  At  present,  only  a few 
developers  have  attempted  to  do  so  (see  references  [9}  and  [18],  for  example). 
Soma  comprehensive  test  data  are  nasdsd  Co  conduct  a meaningful  validation 

of  those  programs. 
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INTRODUCTION 

In  our  present  day  environment,  crashes  of  light  vehicles  like  automobiles, 
general  aviation  aircraft,  and  helicopters  are  a frequent  occurrence.  A 
light  vehicle  craeh  la  a dynamic  phenomenon  Involving  a collar  interaction 
between  etructural  and  Inertial  behavior.  Under  crash  conditions  the 
structural  response  Is  characterised  by  large  deformations.  Inelastic  mat- 
erial behavior,  and  fracture  under  highly  lapulslve  loads. 

In  attempting  to  make  vehicles  crashworthy,  one  of  the  prime  considerations 
Is  the  passenger  traune,  that  is  to  say,  the  degree  of  the  severity  of  forces 
and  acceleration  vectors  experienced  by  the  passenger.  USAAVLABS  study 
[1]  reveals  that  for  light  flxad-vlng  and  rotary -wing  aircraft  the  peak 
accelerations  during  a majority  of  crashes  were  below  human  tolerance  limits. 
These  test  results,  together  with  those  of  NASA's  rather  limited  tests  (under 
advisement  by  PAA)  on  light  fixed-wing  eight  passenger  aircraft  [2],  appear 
to  Indicate  that  with  an  efficient  absorption  of  the  kinetic  energy  In  the 
structure  of  a light  vehicle  the  majority  of  craahea  could  be  made  aurvivabla. 
Needless  to  say.  It  Is  Illicitly  assumed  herein  that  crashworthy  restraint 
systems  and  adequate  fire  protection  ensure  passenger  survivability. 

At  least  until  extremely  efficient  restraint  harnesses  are  developed, 
the  most  practical  way  of  ensuring  survivability  under  front  end  collisions 
Is  to  Improve  the  vehicle's  interior  energy  absorption  behavior  [3].  DeHavan 
[A]  aptly  points  out  that  "safe  transportation  of  people  In  any  type  of 
vehicle  must  of  necessity  apply  the  practical  principles  which  sra  used  by 
every  packaging  engineer  to  protect  goods  Is  transit."  One  of  these  basic 
principles  Is  that  the  Inside  of  the  container  must  be  designed  to  cushion 
and  distribute  Impact  forces  over  the  maximum  arse  of  the  contents  and  have 
yield  qualities  to  Increase  deceleration  tins. 

TYRES  07  ENERGY  ABSORBERS 


In  principle,  an  energy  absorber  is  a device  which  has  soma  form  of  a 
mechanism  for  dissipating  the  kinetic  energy  of  a body  under  Impact.  Host 
energy  absorbing  devices  fall  under  one  of  five  categories)  (1)  Hydrau- 
lic or  pneumatic;  (11)  Material  Deformation;  (111)  friction;  (lv)  Extrusion; 
and  (v)  Compaction  and/or  Concession.  This  classification  Is  based  on  the 
prims  mechanism  of  energy  absorption  In  each  csss. 

Energy  absorbers  of  the  first  kind  are  vary  common  on  most  modern  day 
vehicles  In  the  form  of  shock  absorbars.  However,  in  spite  of  their  re- 
usability, shock  absorbers  of  this  kind  would  be  too  heavy  and  Inefficient 
for  application  In  vehicle  collision. 
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Energy  abeorbera  of  the  second  kind  rely  on  buckling,  Inelastic  yielding, 
crushing,  shearing  or  tearing  of  the  Material  for  energy  absorption.  The 
material  Bay  be  either  ductile  or  brittle,  and  may  even  be  strain-rate  sensi- 
tive. Because  the  Mechanists  of  energy  absorption  in  this  case  (failure)  is 
an  irreversible  process,  such  energy  absorbers  obviously  cannot  be  reused. 
Nonetheless  they  are  More  efficient  than  the  hydraulic  or  p nematic  kind 
because  of  their  high  energy  dissipation  density  and  stroke  efficiency. 
Frangible  or  collapsible  tubes,  honeycomb  cores,  and  balsa  wood  are  energy  ab- 
sorbers of  this  kind. 

Energy  can  also  be  dissipated  through  the  aechanisM  of  friction.  Vehicle 
braker  are  an  example  of  an  energy  absorber  wherein  this  Mechanism  is  used 
to  dissipate  the  kinetic  energy  by  converting  it  into  heat  and  Mechanical 
energy.  The  energy  dissipated  is, however,  directly  dependent  on  the 
coefficient  of  friction  and  the  Magnitude  of  the  normal  pressure.  Although 
the  letter  could  be  controlled,  the  former  is  dependent  on  the  environment 
and  Hay  change  with  tine  due  to  wear  of  the  two  surfaces  in  contact.  As  a 
result,  such  absorbers  are  not  adequately  reliable  to  find  applications  in 
vehicle  collisions  requiring  high  energy-dissipation. 

Extrusion  devices  utilise  the  principle  of  extrusion  of  Materials  to 
dissipate  energy  partly  by  eatress  ion  of  the  Material  and  partly  by  viscous 
effects.  They  are  velocity  sensitive,  and  thus  their  energy  dissipation 
capacity  is  automatically  controlled  to  suit  lapse t conditions.  Extrusion 
devices  are  vary  efficient  energy  absorbers  because  of  their  reliability  and 
ability  to  withstand  repeated  lapse ts , Xnaplte  of  their  high  initial  cost, 
they  May  be  used  in  preference  to  devices  belonging  to  the  Material  deformation 
category  because  unlike  the  latter,  tha  former  are  not  one-shot  devices. 

Enargy  absorbers  in  the  last  category  utilise  the  principle  of  com- 
pressing low  density  gaaes  in  high  strength  containers.  Besides  yielding 
high  specific  energies  they  can  be  Maintained  in  a collapsed  state  prior  to 
use  and  thus  save  space.  A combination  of  the  phenomena  of  compaction 
and  Material  deformation  is  used  in  vehicle  cushions  provided  by  a loose 
and  arbitrary  arrangement  of  steel  druas  and  rubber  tires  [8]. 

An  extensive  bibliography  and  details  on  the  specifics  of  a variety  of 
energy  absorbers  can  be  found  in  References  [SI  through  [8]. 

ENERGY  ABSORPTION  PREDICTION 

There  ere  essentially  three  ways  of  predicting  absorption  of  kinetic 
energy  in  Impact.  These  are  (1)  Analytical  (11)  Numerical  and  (ill)  Hybrid. 

Analytical 

This  technique  can  be  used  only  for  those  energy  absorption  devices  for 
which  the  governing  differential  equations  of  the  matheaatlcal  model  of  the 
device  can  be  formulated  and  solved  to  obtain  cloeed  fora  or  nvoMrlcal  sol- 
utions. Such  cases  are  in  general  rare,  although  under  very  simplified 
assuaptlons  such  techniques  have  been  successfully  used  [6,  7]  for 
analysing  certain  types  of  energy  absorption  devices.  The  drawback  of 
these  analyses  is  that  they  are  essentially  quasi-static  and  do  not  account 
for  effects  like  strain-rate  sensitivity  of  the  Materiel  and  randomness  of 
the  loadings  involved.  They  can  st  best  be  used  for  qualitative  purposes 
only. 

Numerical 

Energy  absorption,  especially  through  material  deformation  is  a highly 
nonlinear  phenomenon  involving  s structure  of  conplex  geometry  end  Material 
properties  under  time  varying  loads  of  magnitudes  that  cause  the  structure 
to  buckle,  warp,  undergo  large  deformations,  and  respond  lnelastlcally.  Be- 
cause of  these  complexities,  the  prediction  of  enargy  absorption  becomes  a 
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formidable  teak  which  deflea  a deterministic  theoretical  solution.  Improved 
constitutive  models  have  esmrged  over  the  past  few  years  [9,  10]  which 
stteapt  to  describe  material  behavior  quite  adequately  In  moat  cases.  And, 
although  a lot  more  may  be  desirable  in  this  regard,  this  to  a certain 
extent  removes  a part  of  the  arbitrariness  and  Indeterminancy  of  the 
phenomenon  of  material  deformation  due  to  lspact  and  makes  It  more  amenable 
to  analysis  through  approximate  numerical  techniques  like  the  finite  element 
displacement  method. 

An  excellent  review  of  some  of  the  simulators  available  for  analysis  of  the 
response  of  vehicles  In  l^>act  can  be  found  In  references  [9]  and  [11].  These 
simulators  and  a few  others  will  be  examined  for  thalr  capabilities  with 
regard  to  energy  absorption  In  the  next  section.  It  need  ba  mentioned  In 
passing  that  attention  Is  being  rastrlctad  hers  to  simulators  which  can 
analyze  energy  absorbers  belonging  to  the  material  deformation  category 
only.  Multi-purpose  simulators  for  analysing  absorbers  of  other  kinds  are, 
to  the  author's  best  knowledge  non-existent  and  recourse  has  to  be  made  to 
simplified  analytical  techniques  for  their  analyses. 

j 

Hybrid  . i 

1 

This  technique  attests  to  exploit  experimentally  observad  features  of 
an  energy  absorption  device  to  obtain  an  Improved  responae  through  a 
rigorous  numerical  analysis.  This  approach  Is  gaining  popularity  with 
lnvestlgatora  since  It  tends  to  minisdss  the  deterioration  of  the  quality 
of  response  resulting  from  a lack  of  account  of  localised  effects  or  from 
use  of  an  Inappropriate  constitutive  model  for  nueerlcal  analysis.  In  this 
technique  the  constitutive  model  Is  most  often  replaced  by  experimentally 
obtained  load-responae  data  wherein  locellsed  effects  are  also  accounted  for 
In  a gross  sense.  Application  of  this  technique  has  bean  successfully 
accospllshed  In  but  a few  sl^lifled  loading  situations,  and  significant 
work  remains  to  ba  done  to  extend  Its  scops  and  sake  It  cost  effective 
with  numerical  technique. 

SIMULATORS  FOR  EHEKOT  ABSORPTION  PREDICTION 

Simulators  which  are  rather  broad  In  scops,  wall  doc  wen  tad,  non- 
proprietary and  which  could  ba  used  mainly  for  prediction  of  energy 
absorption  through  material  deformation  will  be  considered  next  for  their 
capabilities.  It  must  ba  remarked  howsver,  that  there  exists  a host  of 
special  purpose  simulators  designed  specifically  for  a particular  type 
of  energy  absorber.  Although  broad  details  about  some  of  thaea  simulators 
are  available  no  documentation  exists,  as  they  are  Intended  for  ln-housa 
use  only.  One  such  simulator  Is  the  one  developed  by  Blrsch  [8].  Still 
another  is  the  one  developed  by  Warner  of  Brigham  Young  University  {12]  for 
analysing  hydro-cell  cushions. 

1.  MARC-CDC,  AJISTS , DTCAST 

These  simulators,  although  broad  In  their  scops,  can  also  be  used  for 
the  prediction  of  energy  absorption  through  material  deformation  under  con- 
trolled conditions  of  lapact.  However,  several  additional  features,  not 
presently  In  these  simulators,  would  certainly  enhance  their  usefulness  for 
prediction  of  energy  absorption.  Theas  simulators  cannot  presently  account 
for  strain-rate  «rf«cts  which  may  wall  be  1 sport ant  under  certain  circumstances, 
and,  with  the  exception  of  MARC-CDC,  the  other  two  simulators  do  not  allow  for 
large  strains,  which  appears  to  ba  a serious  disadvantage  as  regards  energy 
absorption  prediction.  Although  there  is  a provision  for  l^ulslve  and  ran- 
dom loadings  In  MARC-CDC  and  AHST8,  they,  Ilka  all  other  simulators  to  be 
described  below,  do  not  provide  any  Information  regarding  probabilities  of 
failure  or  probable  estimates  of  the  important  response  parameters.  MARC-CDC 
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4 ANSYS  are  very  well  documented  but  DYCAST  le  presently  under  development  by 
the  Grumman  Aero space  Corporation  under  joint  NASA/FAA  sponsorship. 

2.  ACTION 

This  simulator,  currently  being  developed  at  the  Virginia  Polytechnic 
Institute  for  NASA  Langley  [13],  although  not  as  broad  In  acopa  aa  MARC -C DC, 
ANSYS,  and  DYCAST,  has  nearly  the  same  capabilities  for  nonlinear  transient 
analysis.  As  an  additional  feature,  ACTION  also  admits  experimental 
data  in  the  form  of  a load-response  surface  instead  of  the  usual  etraas- 
straln  curve.  This  hybrid  feature,  whan  fully  developod,  may  extend  the  scope 
of  this  simulator  quite  significantly.  With  the  exception  of  [14],  the 
simulation  capabilities  of  this  program  remain  relatively  untested. 

3.  WHAM  II  4 III 

This  simulator,  developed  by  Balytachko  [IS],  poeeeaeee  wet  of  the 
desirable  features  for  energy  absorption  prediction.  It  accounts  for  large 
stralna,  strain-rate  effects  and  can  nodal  compacting  materials.  In 
addition  to  general  transient  loading,  it  admits  impulsive  but  not 
random  loading.  It  can  predict  dynamic  as  well  aa  elastic  and  plastic 
buckling.  It  haa  been  used  vary  auccaesfully  for  the  analysis  of  automotive 
sheet  smtal  under  lap  act  and  crash  loadings  [16].  This  simulator  thus 
appears  to  possess  a tremendous  potential  for  use  in  the  analysis  of 
vehicles  for  crashworthiness,  and  for  enargy  absorption  prediction. 

4.  LANDIT 

This  simulator  developed  by  the  Jet  Propulsion  Laboratory  [17]  is  a 
very  special  purpose  slaailator  which  predicts  the  dynamic  landing  response 
characteristics  of  axl symmetric  lspact  attenuating  vehicles  consisting  of  a 
rigid  payload  and  a cruehabla  impact  limiter  system.  Inject  is  easiaaed  to 
occur  against  a rigid  barrier  whose  roughness  is  accounted  for  in  the 
analysis.  It  has  a very  limited  and  rather  crude  description  of  the  crushabla 
material  properties  and,  as  such,  the  energy  absorption  prediction  is  only 
approximate. 


5.  HASH 

This  simulator,  developed  by  Wltlln  4 Gamon  of  Lockheed  California,  is 
a hybrid  simulator  which  uses  experimentally  based  frame  element  stiffness 
and  messes  for  nonlinear  transient  response.  Structural  inelasticity  is 
accounted  for  with  the  help  of  stiffness  reduction  factors  which  in  essence 
are  specified  by  the  user  baaed  on  prior  experience.  Although  limited  In 
tarns  of  element  library,  correlation  of  simulation  end  experiments  has  been 
extraordinarily  good  when  applied  to  helicopter  crashes  [18],  The  program 
is  designer  oriented  and  thus  would  serve  as  a good  tool  for  preliminary 
crashworthiness  design  studies. 


6.  HVOSM 

This  simulator  developed  by  McHenry,  et  al  • of  Calspan  [19]  could  be  re- 
garded more  aa  a hybrid  simulator  than  othsrwlse.  The  simulator  haa  been 
used  mainly  for  swtdallng  automobiles  in  crash  situations.  The  vehicle  is  modeled 
using  luaped  messes  and  springs.  Tha  deformable  barrier  is  characterised  by 
specifying  its  stiffness  per  unit  of  ares,  which  is  input  as  a fifth  order 
polynosdal  in  deflection,  the  coefficients  of  which  are  sipplled  by  the  user 
based  on  previous  experience  with  similar  barriers.  Although  tha  simulator 
provides  an  excellent  description  of  vehicle  rigid  body  kinematics  In  three 
dimensions,  Its  suspension  end  tire  forces,  and  phenomena  Ilka  skidding. 
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cornering,  etc.,  the  materiel  models  of  the  barrier  and  the  vehicle  proper  ere 
deficient  and  rely  heavily  on  the  experience  and  Intuition  of  the  designer 
for  their  intrinsic  value*.  In  short,  its  usefulness  for  energy  absorption 
prediction  Is  rather  limited  at  the  present  time. 

7.  BARRIER  VII 

This  simulator  developed  by  Powell  [20]  is  a simulator,  more  of  a 
hybrid  type  because  of  its  rather  crude  and  user-dependent  modal  of  the 
vehicle.  The  vehicle  Is  modeled  as  a rigid  body  surrounded  by  springs 
whose  stiffness  constants  are  specified  by  the  user — a task  which  requires 
a lot  of  Ingenuity  and  prior  knowledge  of  tha  deformation  characteristics  of 
vehicles  of  similar  type.  It  lacks  tha  good  vehicle  rigid  body  kinematics 
description  of  HVOSM  but  provides  a wide  collection  of  elements  like  beams, 
cables,  columns,  springs,  friction  and  viscous  dampers  at  tha  disposal  of 
the  user  for  modeling  a strictly  two-dimensional  deformable  barrier.  A 
unique  feature  of  this  simulator  la  a rather  sophisticated  logic  for  vehicle- 
barrier  Interaction  and  separation. 

It  appears  that  the  simulator  developed  by  Thompson  [21]  would  also 
qualify  as  a hybrid  simulator.  Tha  simulator  however  Is  proprietary,  and 
details  about  Its  capabilities  other  than  those  in  [21]  are  not  available. 

Information  regarding  use  and  availability  of  the  non-proprietary 
slmulatore  described  can  be  obtained  by  contacting  their  developers  or 
custodians  listed  In  the  Appendix. 

CONCLUSIONS 

A study  of  the  various  simulators  available  to  date  reveals  that  much 
more  by  way  of  an  analysis  capability  may  be  desirable  than  what  Is 
available.  But  then,  assuming  cost  Is  not  a consideration.  Is  a 
strict  rigorous  nuamrlcal  analysis  of  a highly  complex  phenomenon.  If  at 
all  feasible,  capable  of  answering  all  the  questions  with  any  fldelltyT  If 
not,  le  the  hybrid  approach  which  appears  to  bs  gaining  popularity  more 
cost-effective  and  reliable  and  the  routs  which  research  investigators 
should  adopt  In  future?  Several  factors  have  to  be  weighed  vary  seriously 
before  we  can  even  attempt  to  answer  such  questions.  The  site  and  spaed  of 
computers  to  come,  our  Improved  understanding  and  modeling  of  material 
behavior  under  dynamic  conditions,  ease  with  which  local  effects  like 
cross-sectional  deformations,  joint  eccentricities, and  joint  compliances  can  bs 
modeled,  reliability  of  designer's  Intuition,  success  In  extending  hybrid 
approach  to  general  loadings,  and  above  all,  cost  of  simulation  will  undoubtedly 
be  sons  of  tha  controlling  factors. 
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This  aection  provide*  * brief  description  of  peculiarities  and  availability 
of  the  simulators  referred  to  in  another  section. 


MARC-CDC  [22] 

Capability:  A static  or  dynamic  nonlinear  analysis  (large  deflections, 

plasticity  and  creep)  of  structures  and  contlnua.  The  program  has  an 
extensive  finite  element  library  consisting  of  some  19  finite  elements. 

Method:  The  program  uses  Von-Misss  yield  criterion  with  isotropic  and  kine- 

matlc  hardsnlng.  The  solution  technique  la  the  modified  Newton-Raphson 
method  coupled  with  explicit  time  integration  of  the  nonlinear  equations 
of  action. 

Language:  FORTRAN 

Hardware:  Program  runs  on  CDC,  IBM  and  UNIVAC  machines. 

Uaaga:  The  program  has  been  used  axtsnsively  and  is  found  to  ba  reliable  in 

most  casas.  It  is  the  best  known  and  most  widely  used  program  for  non- 
linear analysis. 

Developar:  David  Hibbit  and  Associates 

MARC  Analysis  Research  Corporation 

103  Medway  Street 

Providence,  Rhode  Island  02906 

Availability:  The  source  or  object  form  of  the  program  along  with  documenta- 

tion is  available  from  the  developer  at  a fee  which  is  negotiable. 


ANSYS  [23] 

Capability:  A static  or  dynamic  nonlinear  structural  analysis  and  heat  trans- 
fer analysis. 

Method : Finite  element  displacement  method.  Ih*  program  has  seventeen  dif- 

ferent finite  aliments  available  for  nonlinear  analysis.  It  uses  the  in- 
cremental method  of  solution  accounting  for  plasticity  with  Isotropic  and 
kinematic  hardsnlng.  It  uses  the  wave-front  method  coupled  with  an  ex- 
plicit tin*  integration  scheme  for  the  solution  of  the  nonlinear  equa- 
tion* of  motion. 

Language:  FORTRAN 

Hardware:  The  program  runs  on  CDC,  IBM  and  UNIVAC  machines. 

Usage:  The  program  has  been  used  extensively  especially  by  the  nuclear  indus- 
try and  soma  indications  of  its  reliability  are  available. 

Developer:  John  A.  Swanson 

Swanson  Analysis  Systems,  Inc. 

870  Pin*  View  Drive 
llltabeth,  Pa. , 13037 

Availability:  Program  and  documentation  are  available  from  the  developer  st  a 
fee  which  is  negotiable. 


Dynamic  Crash  Analysis  of  Structures  (DTCA8T) 


Capability:  A static  or  dynamic  nonlinear  analysis  (largs  deflect  ions  and 
plasticity)  of  structural  models. 
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Method:  Finite  elemert  displacement  method.  To  the  author's  best  knowledge 

it  is  the  only  simulator  of  its  kind  which  has  the  most  sophisticated 
capability  for  modeling  plastic  deformations  using  the  most  up-to-date 
theories  of  plasticity.  It  uses  the  self-correcting  incremental  method 
and  an  explicit  time  integration  scheme  to  solve  the  nonlinear  equations 
of  motion. 

Language : FORTRAN 

Hardware:  The  program  runs  on  CDC  and  IBM  machines 

Usage:  Portions  of  this  program  are  operational  at  the  NASA  Langley  Re- 

search Center. 

Developer:  Harry  Armen,  Tr.  and  Associates 

Research  Dept  , Plant  35 
Grumman  Aeros] ace  Corporation 
Bathpage,  N.  \.t  11714 

Availability:  The  program,  still  under  development,  will  be  released  at  tha 

appropriate  time  through  COSMIC,  112  Barrow  Hall,  University  of  Georgia, 
Athens,  Ca.,  30602 


Analyzer  of  Crash  Transients  in  Inelastic  or  Nonlinear  Range  (ACTION)  [13] 

Capability:  A static  or  dynamic  nonlinear  analysis  (large  deflections  and 

plasticity). 

Method:  Finite  element  displacement  method.  It  uses  Von  Mlses  yield  criteri- 

on with  kinematic  hardening.  Tha  method  used  la  the  minimization  of  a 
functional  which  guarantees  the  satisfaction  of  the  nonlinear  equations 
of  motion.  Implicit  time  integration  scheme  is  used  for  dynamic  analysis. 

Language:  FORTRAN 

Hardware:  The  program  runs  on  CDC  and  IBM  machines. 

Usage:  Portions  of  this  program  are  operational  at  the  NASA  Langley  Research 

Center,  Hampton,  Va.,  23365 

Developer:  Robert  J.  Melosh  and  Associates 

Department  of  Engineering  Science  and  Mechanics 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Va. , 24061 

Availability:  The  program,  still  under  development,  will  be  released  at  the 

appropriate  time  through  COSMIC,  112  Barrow  Hall,  University  of  Georgia, 
Athens , Ga . , 30602 


WHAM  II  AND  III  {24] 
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Capability:  A static  or  dynamic  nonlinear  analysis  (large  deflections,  plas- 
ticity and  creap)  of  structures  and  continua. 

Method:  Finite  elesMnt  displacement  method.  It  uses  the  incrementel  method 
vith  dynamic  relaxation  and  explicit  integration  to  solve  the  nonlinear 
equations  of  motion.  It  is  claimed  to  be  a very  fast  simulator  for  tran- 
sient analysis  with  speeds  varying  from  500  to  5000  element  time  steps 
per  cpu  second  depending  upon  the  type  of  element  used. 

Language : FORTRAN 

Hardware:  The  program  runs  on  CDC,  IBM  and  UNIVAC  machines. 

Usage:  In  its  limited  usage  there  are  indications  of  a rather  high  degree  of 

performance  and  good  simulation  capability. 

Devalopsr:  T.  Balytschko 

Department  of  Materials  Engineering 
University  of  Illinois  at  Chicago 
Box  4348 

Chicago,  Illinois  60680 

Availability:  The  source  program  cards  are  available  from  the  developer  at  no 
cost. 
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Landing  Dynamics  Program  for  Axlsymnetric  Impact  Attenuating  Vehiclea  (LANDIT) 

[17) 

Capability:  Dynamic  landing  response  of  axlaymmetrlc  vehiclea  consisting  of  a 

rigid  payload  and  a crushablc  limiter  system. 

Method:  The  nonlinear  equations  of  motion  are  solved  numerically  In  an  incre- 

mental fashion. 

Language : FORTRAN 

Hardware:  The  program  runs  on  IBM  machines. 

Usage:  The  program  being  very  special  purpose  has  had  very  limited  ueage  and 

no  indication  of  reliability  ia  available. 

Developer:  A.  C.  Knoell 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91109 

Availability:  The  program  is  available  in  source  form  at  a cost  of  $550  from 

COSMIC 

112  Barrow  Hall 
University  of  Georgia 
Athens,  Ga.,  30602 


KRASH  [25] 

Capability:  The  program  predicts  the  dynamic  response  of  lumped  masses  inter- 

connected by  nonlinear  beam  elements.  Each  lumped  mass  has  six  degrees 
of  freedom. 

Method:  The  Euler's  equations  of  motion  for  each  mass  are  linearised  incre- 

mentally and  Integrated  numerically  using  a modified  predictor  corrector 
method.  In  each  time  step  the  increments  of  internal  forces  and  moments 
sre  determined  from  the  conventional  stiffness  matrix  modified  by  user 
specified  stiffness  reduction  factors  corresponding  to  each  of  the  six 
degrees  of  freedom. 

Language:  FORTRAN 

Hardware:  The  program  runs  on  IBM  machines. 

Usage:  The  program  has  had  very  limited  usage  for  simulating  helicopter 

crashea.  Correlation  of  simulation  and  experimental  results  has  been 
shown  to  be  extraordinarily  good. 

Availability:  The  program  is  'documented  in  Reference  [25].  Additional  de- 

tails about  the  program  are  available  from: 

Eustla  Directorate 

U.  S.  Army  Air  Mobility  Research  and  Development  Laboratory 
Fort  Eustls,  Va.,  23604 


I 


Highway  Vehicle  Object  Simulation  (KV0SM)  [26] 

Capability:  The  program  predicts  the  dynamic  interaction  of  a vehicle  with  a 

deformable  barrier.  The  vehicle  is  modeled  as  an  assemblage  of  lumped 
sprung  snd  unsprung  susses  interconnected  by  rigid  links  and  springs. 

Method:  The  Euler's  aquations  of  motion  for  each  mass  are  linear lzad  incre- 

mentally snd  integrated  using  Runge-Kutta  or  Adams-Moulton  methods.  De- 
formation characteristics  of  the  vehicle  and  barrier  are  user  specified. 

Language : FORTRAN 

Hardware:  The  program  runs  on  CDC  and  IBM  machines. 

Usage:  The  program  has  been  used  fairly  extensively  but  because  it  is  hybrid 

its  reliability  is  strongly  influenced  by  the  user. 

Developer:  R.  R.  McHenry 

Calspan  Corporation 
4455  Geneses  Street 
Buffalo,  N.  Y.,  14221 

Availability:  The  program  along  with  the  docuawntatlon  is  available  at  no 
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Dave  Solonon 
HRS-40,  NASA  Building 
Department  of  Transportation 
Fedtral  Highway  Administration 
Washington,  D.  C. , 20590 


BARRIER  VII  [27] 

Capability:  The  program  predicts  the  dynamic  interaction  of  a vehicle  with  a 

deformable  barrier.  The  vehicle  and  the  barrier  ate  modeled  using  a va- 
riety of  finite  elements.  However,  the  models  are  strictly  two-dimen- 
sional. 

Method:  Finite  element  displacement  method.  The  program  usee  an  Incremental 

method  coupled  with  an  explicit  integration  scheme  to  solve  the  linearis- 
ed equations  of  motion. 

Language : FORTRAN 

Hardware:  The  program  runs  on  CDC  machines. 

Usage:  The  program  has  had  limited  use  end  no  Indication  of  the  reliability 
le  available  since  Its  reliability  Is  greatly  Influenced  by  the  user. 

Developer:  Graham  Powell 

Department  of  Civil  Engineering 
University  of  California 
Berkeley,  California  94720 

Availability:  The  program  along  with  the  documentation  Is  avalleble  at  no 

cost  upon  submitting  a magnetic  tape  to 
L.  C.  Meczkowski 

HRS-12,  Fairbanks  Highway  Research  Building 

Department  of  Transportation,  Federal  Highway  Administration 

McClean,  Va. , 20590 
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Highway  Vehicle  Simulation 


James  E.  Bernard 
Hilthway  Safety  Research  Institute 


INTRODUCTION 

The  probleaa  of  vehicle  handling  appeared  In  the  literature  aa  long  ago  aa 
1946,  when  the  pioneering  work  of  Olley  [1)  wae  publiehed,  Subaaquent  lnvea- 
tlgatora  developed  linearized  equatlone  whoae  aolutlon  would  yield  the  tra- 
jectory of  a vehicle  aubject  to  Clae- varying  eteerlng  or  braking.  More 
recently,  efforta  have  been  aade  to  analyze  varloue  nonlinear  aapecte  of  the 
vehicle  system,  Including,  Boat  notably,  nonlinear  tire  propertlee.  Ferhapa 
the  beat  aourca  of  an  overview  of  thla  aubject  haa  bean  given  by  Ellla  [2]. 

Since  the  equatlone  of  vehicle  notion  can  becoae  quite  difficult  to 
handle  in  the  general  caae,  it  is  not  eurprlelng  that  alaulatlon  has  been  a 
tool  frequently  used  by  vehicle  dynaalclats.  Perhaps  the  beet  known  eerly 
coaputer  alaulatlon  was  developed  in  1961  by  Ellis  [3],  who  developed  a three 
degrees  of  freedoa  analog-conputer  aodel  for  studying  the  lateral  notion  of  an 
articulated  vehicle.  Since  that  tine,  the  advent  of  aore  and  aore  sophisti- 
cated conputlng  equipment  has  led  to  the  possibility  of  simulations  of  in- 
creasing conplexlty.  Presently,  aany  research  facilities  asks  use  of  highly 
nonlinear  passenger  car  simulations  with  at  least  fourteen  degrees  of  freedoa. 
Including  sis  degrees  of  freedoa  for  the  vehicle  body  (the  so-called  sprung 
aass),  a vertical  or  "wheel  hop"  degree  of  freedoa  for  each  wheel  (or  unsprung 
aass),  and  a spin  degree  of  freedoa  for  each  wheel. 

These  aany  degrees  of  freedoa  can,  of  course,  prove  to  be  an  unnecessary 
burden.  We  have  therefore  listed  in  Table  1 a set  of  user  guidelines  misting 
user  goals  to  levels  of  sophistication  in  the  simulations. 

Of  course,  the  range  of  validity  of  linear  analysis  and  nuaarlcal  inte- 
gration of  nonlinear  equations  overlap.  Linear  analysis  is  an  appropriate 
tool  to  solve  for  key  aeasures  of  directional  response  at  a constant  speed  and 
at  lateral  accelerations  on  the  order  of  .3  g or  less,  and  the  nonlinear  cal- 
culations are  aeant  to  cover  the  entire  range  of  vehicle  perforaancs.  However, 
it  is  seldoa  appropriate  to  use  nonlinear  calculations  where  linear  calcula- 
tions will  suffice,  since  (1)  the  convenience  of  the  closed-fora  solutions  le 
lost,  and  (2)  the  results  ars  no  aore  accurate  than  the  linearized  calculations. 

It  is  Important  to  note  that  in  both  the  linear  and  nonlinear  analyses 
there  is  a wide  apectrua  of  sophistication  which  aay  be  applied.  In  the  case 
of  linear  analysis,  a variety  of  useful  Information  aay  be  obtained  froa  a 
very  simple  two  degree  of  freedoa  aodel.  The  only  input  data  required  are  the 
cornering  stiffness  of  the  tires,  the  wheelbase,  *nd  the  weight  and  fore-aft 
location  of  the  c.g.  To  have  any  hope  of  Batching  vehicle  test  results,  how- 
ever, several  additional  features  are  required,  naaaly,  (1)  a roll  degree  of 
freedoa,  (2)  compliance  of  the  steering  system,  and  (3)  a aore  sophisticated 
aodel  of  the  tire,  including  aeasures  of  caaber  and  aligning  aoasnt. 
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Table  1 Guidelines  for  the  Simulation  of  Handling  Response 


Oblectlve 

Tool 

Remarks 

Under steer /oversteer 
gradient,  responae 
time 

Linear  analysis 

It  can  be  very  difficult 
to  match  empirical  results 
with  calculations.  Ex- 
tremely careful  instrumen- 
tation is  required,  and 
steering  compliance  may 
be  difficult  to  quantify. 

Trends  in  performance 
in  the  nonlinear  range 
(over  .3  g on  dry 
surface) 

Nonlinear  simulation. 
Neglect  nonllnearities 
In  the  suspensions, 
steering  lash,  Acker- 
man effects  and 
steering  compliance, 
and  load  sensitive 
tire  properties. 

Aa  the  simulated  maneuvers 
become  more  severe,  the 
trends  become  questionable, 

Accurate  predictions 
from  .3  g to  .5  g 

Requires  accurate 
steering  wheel-road 
wheel  relationship, 
load  sensitive  lat- 
eral forces  and 
aligning  moewnts, 
roll  steer,  camber. 

Careful  tire  modeling  ac- 
curate to  ten  degrees  slip 
angle  and  at  least  1.5 
times  the  static  load  may 
be  necessary. 

Accurate  predictions 
over  .5  g 

Add  bump  stops,  ac- 
curate tire  date  to 
extreme  loads  and 
angles. 

Static  distance  to  bump 
stops  Is  important  to  en- 
surs  realistic  fore-aft 
lateral  load  transfer 
distribution. 

The  •«■*  choices  may  be  found  in  nonlinear  simulations.  In  attaining 
Increased  accuracy  of  the  solution,  increasing  expenses  accrue  resulting  from 
the  acquisition  of  additional  Input  data,  the  numerical  Integration  of  more 
complex  equations,  and  In  the  analysis  of  additional  output. 

Various  levels  of  nonlinear  calculations  are  given  In  the  table.  It 
should  be  emphasised  that  these  levels  are  concerned  with  the  prediction  of 
vehicle  response  on  a dry  surface  In  the  absence  of  drive  torque  or  braking. 

If  significant  longitudinal  forces  during  a steering  maneuver  are  to  be  simu- 
lated, the  predictive  task  becomes  much  more  difficult,  requiring  a very 
careful  analysis  of  the  combined, longitudinal  and  lateral  forces  at  the  tire- 
road  Interface,  carefully  choeen  brake  dynamometer  data  and/or  a detailed 
analysis  of  the  englne-transmlsslon-dlf ferentlal  system.  Prediction  of  vehicle 
performance  on  a wet  surface  remains  a speculative  undertaking  because  of  the 
variability  of  the  shear  forces  at  the  tire-road  Interface  with  ssuill  changes 
In  water  depth. 


lIt  should  perhaps  be  noted  here  that  calculations  of  brake  torque, 
given  brake  perameters  such  as  drum  radius,  lining  descriptors,  stc..  Is  not 

{within  the  state  of  the  art.  Thus  line  pressura  vs.  brake  torque  points 
measured  using  a brake  dynamometer  should  be  procured  for  computations  In 
which  the  absolute  level  of  brake  torque  Is  Important. 
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Several  programs  appropriate  for  use  in  all  but  the  first  task  of 
Table  1 will  be  considered  In  this  review.  Linear  analysis  will  not  be  con- 
sidered here,  since  the  code  csn  be  generated  without  extreme  difficulty  based 
on  any  of  several  well  known  formulations  (see,  for  example,  [4,  5]).  This 
is  not,  we  emphasize,  to  suggest  that  linear  analysis  Is  somehow  trivial  or 
Inappropriate— while  the  code  is  not  difficult  to  generate,  the  gathering  of 
appropriate  parametere  for  use  In  the  linear  analysis  remains  a difficult 
task,  aa  does  vehicle  testing  In  the  linear  range. 

The  programs  to  be  considered  here  will  be  revleved  In  three  areas,  viz.: 

(1)  the  tire  model,  which  dictates  the  range  of  validity 
of  the  solution  to  directional  response  analysis  and 
the  usefulness  of  the  simulation  for  combined  braking 
and  turning  maneuvers 

(2)  special  features  such  aa  algorithms  allowing  impact  with  outside 
objects 

(3)  documentation. 

In  addition,  a short  history  of  each  program  will  be  presented,  along  with  a 
prognosis  for  future  Improvements. 

The  run  costs  for  thess  programs,  which  are  highly  variable  with  the 
maneuver  simulated  and  the  computer  hardware,  will  not  be  discussed  In  detail. 
In  general,  however,  one  should  expect  to  run  passenger  car  simulations  on  a 
digital  computer  for  about  $5/almulated  second,  with  rapidly  escalating  costs 
for  impact  calculations  and  specialized  graphics.  Cosmerclal  vehicle  simu- 
lations, with  thalr  attendant  additional  degrees  of  freedom  for  tandem  axles 
and  trailers,  may  be  expected  to  be  significantly  more  expensive. 

Initially,  four  passenger  car  directional  and  ride  response  simulations 
will  be  presented.  This  will  be  followed  by  a review  of  available  commercial 
vehicle  simulations  and  some  general  remarks  pertaining  only  to  ride  analysis. 


PASSENGER  CAR  SIMULATIONS 
HVOSM 

The  Highway-Vehicle-Object  Simulation  Program,  now  coamonly  called  HVOSM,  hes 
been  under  development  at  Calspan  Corporation  (formerly  Cornell  Aeronautical 
Laboratories)  since  1966.  The  development  of  HVOSM  has  been  funded  by  the 
Federal  Highway  Administration  (formerly  the  Bureau  of  Public  Roads)  to  serve 
as  a tool  In  the  analysis  of  pre-crash  safety  and  post-crash  performance  after 
Impacting  certain  kinds  of  fixed  objects.  This  program  remains  the  most 
comprehensive  numerical  tool  for  the  analysis  of  passenger  car  braking  and 
handling,  with  exclusive  features  such  as  terrain  tables  allowing  virtually 
arbitrary  roadway  Inputs,  and  various  tire  options  programmed  to  compute 
lateral  and  fore-aft  forces  resulting  from  tire/rough  roadway  Interactions. 

The  shear  forces  at  the  tlrs-road  Interface  are  computed  based  on  s 
cubic  fit  to  measured  tire  data  for  the  lateral  forces,  with  rather  rudimentary 
p-sllp  curves  for  braking  calculations.  All  tire  shear  force  calculations  are 
baaed  on  load-varying  Input  parameters.  A spin  degree  of  frswdom  Is  Included 
for  each  wheel,  and  the  tire  properties  may  vary  from  wheel  to  vheel. 

In  spite  of  the  load-varying  Input  properties,  s cubic  fit  cannot  ade- 
quately2 match  measured  tire  data  across  the  entire  range  of  slip  angles 
likely  to  be  encountered.  Thus,  It  may  be  necessary  to  "tuns"  the  curve  fit 
to  the  measured  data  to  emphasize  either  high  or  low  slip  angles. 

Coupling  between  lateral  and  longitudinal  shear  forces  Is  accomplished 
through  the  use  of  an  updated  version  of  the  "friction  ellipse"  concept  which 
may  be  expected  to  lead  to  reasonable  results. 


'This  is,  of  course,  a matter  of  Judgment.  It  is  our  experience  that 
while  the  cubic  fit  may  sometimes  »>rk  out  well,  one  is  likely  to  encounter  a 
mismatch  on  the  order  of  1SX  or  so  In  the  mid  slip  angle  range. 
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HVOSM  remain*  the  only  program  with  vehicle  dynaalce  orientation  to  at- 
tempt impact  calculations'.  However,  the  repreaentatlon  of  the  impact  dynamics 
reoaina  very  rudimentary  and  the  barrier  analyala  la  quite  Halted  In  scope. 

The  results  calculated  using  HVOSM  may  be  displayed  using  perspective 
views  of  the  automobile-terrain.  Theae  graphics  are  plainly  superior  to  any- 
thing else  available.  Perhaps  the  only  serious  unfavorable  aapects  of  the 
graphics  package  and  Indeed  the  entire  HVOSM  package  relate  to  documentation. 

The  documentation  for  HVOSM  la  spread  out  over  at  least  ten  separate 
volumes.  Unfortunately,  no  one  volume  will  suffice,  since  mathematical  details 
of  the  various  Important  suthematlcal  models  are  presented  In  the  order  they 
were  developed  rather  than  In  order  of  Importance. 

A remedy  for  this  problem  la  currently  being  provided  at  Calspan,  where 
comprehensive  docianentation  for  the  latest  version  of  HVOSM  Is  being  produced 
under  sponsorahlp  of  FHWA.  This  documentation  la  due  to  be  completed  In 
•arly  1976. 

The  present  version  of  HVOSM  may  be  obtained  from  David  Solomon,  Chief, 
Environmental  Design  and  Control  Division,  Federal  Highway  Administration, 
HRS-41,  400  7th  Street,  S.W.,  Washington,  D.C.  20S90. 

Information  on  the  ongoing  Improvements  stay  be  retained  from  David  J. 
Segal,  Research  Mechanical  Engineer,  Transportation  Safety  Department, 

Calspan  Corporation,  Ruffalo,  New  York  14221. 


The  HSR1  Passenger  Car  Simulation 

The  HSRI  passenger  car  simulation  has  evolved  from  coaaMrciel  vehicle  simu- 
lations developed  under  sponsorship  of  the  Motor  Vehicle  Manufacturers 
Association  (MVMA) . The  program  entails  flftsen  degrees  of  freedom  Including 
body  motions,  wheel  bounce  degrees  of  frssdom,  and  wheel  spin.  Impact  can- 
not be  slsmlatad,  and  the  range  of  validity  of  the  roll  angles  Is  limited  In 
that  changes  In  the  track  due  to  roll,  aa  seen  In  a plan  view,  are  neglected*. 
While  the  surface  of  the  simulated  roadway  need  not  be  smooth,  fore-aft  and 
lateral  forces  due  to  road  undulations  cannot  be  predicted. 

The  HSRI  tire  model  was  recently  developed,  under  sponsorship  of  the 
National  Highway  Traffic  Safety  Admlnlstrstlon  (NHTSA) , to  sllow  sccursts 
calculations  of  the  shear  forces  at  the  tlrs-road  Interface  across  the  entire 
range  of  slip  angles  likely  to  bs  encountered  in  limit  maneuvers.  The  re- 
sulting algorithm,  which  entails  user  Input  normal  pressure  distribution  at 
the  tire-road  Interface  and  load  sensitive  Input  parameters,  is  capable  of 
matching  measured  tire  data  within  flvs  percent  or  less,  a substantial  Im- 
provement ovar  the  previously  available  algorithms.  This  added  accuracy  Is 
extremely  useful  If  the  simulated  maneuver  covers  all  ranges  of  sideslip 
angles,  rather  than  remaining  entirely  in  a high  or  low  angle  range. 

The  shear  forces  at  the  tire-road  Interface  are  computed  through  Inte- 
gration of  the  shear  stresses  over  the  contact  patch.  The  closed-form 
solution  to  the  Integration  yields  both  longitudinal  and  lateral  shear  forces, 
and  thus  obviates  the  necessity  of  any  "friction  ellipse”  type  operations. 

The  calculations  of  the  longitudinal-lateral  fores  Interactions  have  bean 
found  to  closely  match  measured  data. 


'The  BARRIER  programs  [6]  are  useful  for  vehicle-barrier  Impact  simu- 
lation. These  programs,  however,  emphasise  the  barrier  analysis  and  use  a sim- 
plified vehicle  analysis.  Illinois  Institute  of  Technology  Research  Institute 
Is  currently  working  on  a more  sophisticated  vahicla-barrler  Interaction 
algorithm  under  FHWA  sponsorship.  R.  L.  Chlspetta  nay  be  contacted  st  IITRI, 

10  W.  35th  Street,  Chicago,  111.,  60616  for  details. 

*In  fact,  this  means  that  the  numerical  solution  becomes  Invalid  during 
the  later  stages  of  a rollover  maneuver. 
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It  should  also  be  noted  that  tha  HSRI  simulation  la  quite  economical 
to  run.  These  econoales  derive.  In  the  aaln,  froa  the  methodology  of  the 
wheel  spin  calculations  as  explained  in  [7]. 

The  documentation,  which  la  complete  and  up  to  date,  was  published  as  an 
appendix  to  the  technical  report  associated  with  [8].  Further  Information 
may  be  obtained  froa  Jaaes  Bernard,  Highway  Safety  Research  Inatltute,  The 
Unlveralty  of  Michigan,  Huron  Parkway  and  Baxter  Road,  Ann  Arbor,  Michigan 
48105. 


The  University  of  Tennessee  Passenger  Car  Simulation 

The  equations  of  motion  and  code  for  this  simulation  were  developed  by  Frank 
Speckhart  of  tha  Unlveralty  of  Tenneaaaa  while  serving  a temporary  appointment 
with  NHTSA.  The  model  contains  19  degrees  of  freedom.  Including  the  ususl  ten 
degrees  for  tha  sprung  and  unsprung  masses,  plus  time  lags  for  tha  ahear 
force  build-up  at  each  tire  and  a steering  degree  of  freedom  allowing  the 
calculation  of  vehicle  trajectory  with  "free"  steering. 

This  simulation  la  distinguished  by  a very  careful  front  and  rear  sus- 
pension analysis.  In  which  equations  of  motion  ara  derived  baaed  on  the  as- 
sumption of  an  Inclined  roll  axis.  Tha  tire  ahear  forces  ara  computed  based 
on  the  Calapan  tire  model  aa  presented  in  [9]. 

While  no  uaar-orlented  documentation  has  been  presented  in  the  published 
literature,  a auassary  of  tha  pertinent  mathematical  models  is  given  In  [10]. 
Uaer  Information  and  further  technics]  details  may  bo  obtained  from  F.  H. 
Speckhart,  Mechanical  and  Aerospace  Engineering  Department,  University  of 
Tennessee,  Knoxville,  Tennessee. 


The  HHTSA/APL  Hybrid  Computer  Simulation 

A hybrid  computer  simulation  for  studying  vehicle  dynamic  response  to  braking 
and  steering  Inputs  la  available  at  tha  Applied  Physics  Laboratory  of  the 
Johns  Hopkins  University  (API)  [11].  This  simulation  has  evolved  from  the 
hybrid  simulation  [12,  13]  developed  by  the  Bendlx  Research  Laboratories  for 
the  Netlonal  Highway  Traffic  Safety  Administration.  Tha  tlra  model  la  quits 
similar  to  tha  algorithm  used  in  tha  HVOSM  simulation  [14].  Currant  capa- 
bilities include  simulation  of  vehicles  with  tha  following  typos  of  sue- 
penalonai  (1)  Independent  front  and  rear,  (2)  independent  front  and  solid 
rear  axle,  (3)  solid  front  and  rear  axles,  and  (4)  solid  front  axis  and  solid 
raar  axle  with  dual  tires.  Currant  enhancement  plana  Include  tha  addition  of 
a tag  rear  axle  with  dual  tires  to  permit  simulation  of  buses  and  large  trucks 
and  a trailer  modal  to  permit  simulation  of  towed  vehicles. 

Tha  operation  of  the  simulation  la  through  a CRT  and  keyboard  consols. 

A dedicated  printer  copies  all  tha  output  and  input  from  tbs  CRT  for  permanent 
hard  copy.  Special  APL  written  software  permits  complete  uaer  selection  of 
output  vsriables  and  alteration  of  Input  data  such  aa  vehicle  and  tlra  modal 
parameters.  The  interactive  capability  enhances  tha  simulation  usefulness  and 
provides  increased  englneer/slmulatlon  productivity.  The  APL  staff  has  an 
excellent  track  record  for  maintenance  and  Improvements  of  the  hybrid  facility 
and  cooperation  with  outside  users. 

The  hybrid  simulation  can  be  used  at  APL  in  support  of  publicly  funded 
contracts.  For  information  on  costs  and  for  scheduling  contact  Paul  Bohn, 
Applied  Physics  Laboratory,  11100  Johns  Hopkins  Road,  Laurel,  Maryland  20810. 


COMMERCIAL  VEHICLE  SIMULATIONS 
Introduction 

While  the  dynamic  performance  of  articulated  vehicles  has  been  studied  by  many 
Investigators  [15],  the  development  of  commercial  vehicle  simulations  began  in 
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the  late  1960's.  There  are  nov  three  separate,  well-documented  simulations 
devoted  to  the  analysis  of  commercial  vehicles,  as  will  be  explained  below. 


AVDS3 

The  Articulated  Vehicle  Dynamic  Simulations,  or  so-called  AVDS  programs,  were 
developed  at  the  IITKI,10  W.  35th  Street,  Chicago,  111.,  60616. 

Documentation  for  the  latest  version,  AVDS3,  was  published  In  1973  [16]. 

AVDS3  simulates  the  dynamic  response  of  tractor  single-,  double-,  or 
triple-articulated  vehicles.  The  dynamic  characteristics  of  the  vehicle  system 
subject  to  road,  vehicle,  and  environmental  factors  can  be  evaluated  through 
computations  of  steering  and  braking  demands  for  the  specified  vehicle  while 
negotiating  a prescribed  trajectory.  Such  a procedure  has  been  validated  with 
generally  good  results  [17]. 

The  inverse  procedure  of  the  AVDS 3 program— the  Input  la  the  trajectory 
and  the  output  la  the  steering  and  braking— is  a distinct  advantage  In  many 
analyses.  For  example,  specific  trajectories  of  interest  can  be  studied  for 
the  demand  on  the  driver-vehicle  system.  This  la  not  easily  done  with  programs 
which  calculate  trajectory  based  on  driver  Input,  since  difficulties  are  en- 
countered In  matching  the  output  trajectory  with  the  trajectory  of  Interest. 

The  tire  model  is  a cubic  fit  for  the  lateral  shear  forces.  However,  In 
this  case,  the  longitudinal  forces  are  calculated  based  on  the  required  longi- 
tudinal deceleration  rather  than  computed  baaed  on  "p-slip"  type  relationships. 
Thus  no  wheel  spin  degree  of  freedom  la  necessary  (or  possible),  and  the  later- 
al forces  are  modified  in  the  presence  of  braking  using  a friction  ellipse. 

Since  the  longitudinal  deceleration  la  Input  rather  than  output,  AVDS 3 
la  not  particularly  useful  for  braking  analysis.  Thla  la  particularly  true 
when  antiskid  brakes  are  Involved1.  Further,  to  facilitate  the  inverse  metho- 
dology, many  simplifications  were  made— quael-statlc  load  transfer  la  used  in 
lieu  of  roll  and  pitch  degrees  of  freedom,  and  tandem  axles  are  not  considered. 


The  HSR1  Commercial  Vehicle  Simulations 

The  MVMA  Truck  and  Tractor-Trailer  Braking  and  Handling  Project  was  begun  at 
HSRI  In  mld-1971  with  the  expressed  purpose  of  establishing  a digital  computer- 
based  mathematical  method  for  predicting  the  longitudinal  and  directional  re- 
sponse of  trucks  and  tractor-trailers.  Two  computer  programs  have  bean  pro- 
duced as  a result  of  this  project— a straight-line  braking  program  for  straight 
trucks,  tractor-semitrailers , and  tractor-semitraller-full  trailer  combinations 
[18],  and  a combined  braking  and  directional  response  program  for  trucks  and 
tractor-semitrailers  [19].  Some  special  features  of  thsse  programs  are  din- 
cussed  below. 

To  allow  large  payloads  without  unduly  large  axis  loads,  msny  truck's  and 
articulated  vehicles  make  use  of  tandem-axle  suspensions.  Thsse  suspensions 
commonly  have  a mechanism  for  "load  leveling,"  thst  Is,  an  attempt  to  mslntaln 
equal  loedlng  on  each  of  the  tandem  axles  In  the  presence  of  rosd 
irregularities.  This  mechanism  may  also  cause  unequal  load  distribution  during 
braking,  which  may.  In  fact,  result  in  so-called  "brake  hop."  Thus,  since  the 
normal  force  at  the  tire-road  Interface  has  an  Important  effect  on  the  braking 
process,  a careful  analysis  of  tsndam  suspensions  has  bean  performed. 

Seven  separate  tandem  suspensions  may  be  chosen  by  the  user  for  use  In 
the  straight-line  braking  program.  These  Include  air  spring  suspensions,  var- 
ious four  spring  suspensions,  and  a walking  beam  suspension.  Two  tandem  sus- 
pension are  user  options  In  the  braking  and  directional  response  simulation — 


'Most  air-braked  vehicles  built  after  March,  1975,  will  be  equipped 
with  air  brakes  to  aid  in  compliance  with  Federal  Motor  Vehicle  Safety 
Standard  121. 
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the  sloplest  four  spring  suspension  snd  s walking  bean  suspension.  Validation 
runs  for  these  latter  two  suspensions  have  been  performed  In  both  the  straight- 
line  braking  and  the  braking  and  directional  response  program. 

The  brake  systems  commonly  employed  on  commercial  vehicles  require 
special  attention  not  usually  necessary  for  hydraullc-braked  vtnlcles.  The 
brake  system  model  may  conveniently  be  divided  Into  three  sections.  In  a 
tracto:  -trailer  air-brake  system,  the  driver  applies  the  brakes  by  operating  a 
treadle  valve  which  controls  the  air  pressure  at  the  brakes.  In  the  first 
section  of  the  model,  the  relationship  between  pressure  at  the  treadle  valve 
and  the  line  pressure  at  the  brakes  on  each  axle  Is  computed  as  a function  of 
time.  The  time  delay  and  the  rise-time  characteristics  of  the  air  brake  system 
are  represented  in  the  simulation. 

In  the  second  section  of  the  brake  system  model  the  relationship  between 
line  pressure  and  brake  torque  la  modeled.  The  program  user  has  two  options: 
he  may  either  input  a table  of  brake  torque  for  increasing  line  pressure,  or 
ask  the  simulation  to  calculate  a relationship  for  torque  vs.  line  pressure, 
based  on  brake  models  contained  In  the  computer  program. 

The  third  section  of  the  brake  model  contains  the  antilock  brake  system 
simulation.  This  system  is  set  up  In  a quite  general  form  so  the  user  may  call 
for  any  of  a vide  variety  of  antilock  control  logic. 

Unfortunately,  the  documentation  for  these  programs  rests  In  several 
separate  volumes.  This  problem  is  currently  being  remedied  at  HSRI  where  com- 
plete and  up  to  date  straight-line  braking  documentation  la  being  produced  for 
publication  in  Hay,  1975,  and  braking  and  handling  documentation  for  publica- 
tion in  July,  1975.  Information  on  these  programs  may  be  obtained  from  James 
Bernard,  Highway  Safety  Research  Institute,  The  University  of  Michigan,  Huron 
Parkway  and  Baxter  Road,  Ann  Arbor,  Michigan  48105. 


The  Cornell  General  Vehicle  Model 


Work  on  the  simulation  of  articulated  vehicles  has  proceeded  at  Cornell 
University  since  the  pioneering  analysis  and  simulation  of  Mikulclk  [20]. 
Several  basic  changes  and  refinements  have  been  made,  many  of  which  have  ap- 
peared In  the  literature  (for  example,  [21,  22]). 

The  present  Cornell  model  allows  the  user  to  "construct"  the  vehicle 
using  a building  block  approach.  Thus  a straight  truck,  tractor-semitrailer, 
and  doubles  and  triples  combinations  may  be  modeled  with  minimal  inconvenience. 
(Note  this  la  the  only  available  doubles  or  triples  handling  simulation  in 
which  the  user  specifies  driver  input  commands  and  the  trajectory  la  computed.) 
The  axles  may  be  modeled  as  either  massless  or  having  mass.  In  either  case, 
a full  six  degrees  of  freedom  are  Included  for  each  sprung  mass,  and  the  sus- 
pensions are  assumed  to  be  made  up  of  springs  and  dashpots  having  linear 
characteristics. 

The  tire  model  Is  a modification  of  a formulation  developed  at  HSRI  [23]. 
Since  the  formulation  makes  use  of  a closed-form  Integration  of  the  shear 
stresses  at  the  tire-road  interface,  no  "friction  ellipse"  type  of  calculations 
are  necessary  to  compute  the  Interactions  between  the  lateral  snd  longitudinal 
forces. 

An  explanation  of  this  model  will  be  presented  In  [24].  There  Is,  how- 
ever, no  published  Information  In  the  form  of  a user's  manual.  The  details 
of  the  use  of  the  program  may  be  obtained  from  A.  I,  Krauter,  Shaker  Research 
Corporation,  Northway  10  Executive  Park,  Balltton  Lake,  New  York  12019. 


The  Systeas  Technology  Model 


1 


in* 


An  analysis  of  truck  and  bus  handling  was  performed  by  Systems  Technology 
under  NHTSA  sponsorship  during  the  period  June  1972-March  1974.  In  the  course 
of  this  contract,  nonlinear  aquations  of  notion  for  a three-axle  straight  truck 
and  an  Intercity  bus  were  derived  snd  Implemented  as  digital  computer 
simulations. 
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The  tire  aheer  forces  are  computed  baaed  on  the  Calapan  tire  model  aa 
preaented  In  [9].  Thla  • Inula t Ion  la  dlatlngulahed  by  the  capability  to  com- 
pute the  effecta  of  aloahlng  of  liquid  cargo  aa  explained  In  [25]. 

The  liquid  cargo  la  aeeuaed  to  be  lnviadd  and  incompressible,  and  the 
fluid  flow  la  assumed  to  be  Initially  irrotatlonal  and  remain  that  way.  The 
equations  are  for  a cylindrical  tank  with  circular  cross  section,  and  they  are 
derived  for  an  arbitrary  liquid  cargo  level  up  to  a point,  then  they  are 
specialized  to  the  half  full  case.  The  angular  diaplacement  of  the  plane  of 
the  water  surface  defines  the  wave  motion,  and  the  pitch  and  roll  angles  are 
assumed  to  be  small  perturbations.  Only  the  first  harmonica  of  these  wave 
motions  are  included  in  the  analytical  representation,  and  this  gave  good 
correlation  with  the  full  scale  results. 

A source  list  of  the  program,  and  details  of  the  pertinent  mathematical 
models  are  presented  in  [25].  For  further  Information,  contact  G.  L.  Teper, 
Systems  Technology,  Inc.,  13766  South  Hawthorne  Boulevard,  Hawthorne, 
California  90250. 


SOKE  REMARKS  CONCERNING  THE  SIMULATION  OF  RIDE 

Each  of  the  simulations  in  the  preceding  review  (excepting  AVDS3  which  la  not 
a useful  tool  for  ride  analysis)  entail  six  degrees  of  freedom  for  the  sprung 
mass.  Thus  accelerations  at  the  passenger  position  can  ba  calculated  for  the 
car  or  truck  In  question.  However,  it  aay  well  turn  out  that  these  simulations 
are  not  a particularly  accurate  tool  for  ride  analysis,  because  the  beam 
vibration  of  the  sprung  mass  stakes  a significant  contribution  to  the  total 
sprung  mass  acceleration. 

Beam  vibration  can  also  be  handled  in  the  simulation.  For  example,  it 
may  be  assumed  that  the  total  motion  response  of  the  vehicle  is  given  by  a 
linear  superposition  of  the  beam  bending  nodas  and  rigid  body  modes 

_ n 

S(x,  t)  ■ E a. (t)f.(x)  + rigid  body  motion  (1) 

i-1  1 1 

where  S is  the  vector  describing  the  notion  of  some  point  in  the  vehicle,  the 
are  mode  shapes,  and  the  time  varying  coefficients  are  the  solutions  to 
ordinary  differential  equations  of  the  form 


where 


“Ni 


\ + vi + 2?i“Ni;i  ■ 5 vj(t) 

y 1-C^  is  the  "resonant  frequency"  of  the  1th  mode; 


(2) 


is  the  dissipation  associated  with  the  itb  mode; 

b^  are  so-called  influence  coefficients; 

F,  are  the  applied  forces  from  the  suspension,  engine 

1 mounts,  etc. 

The  paremetera  and  b^  nay  ba  obtained  alther  from  an  experi- 

mental setup  wherein  the  body  ie  suspended  by  soft  springs  and  subject  to 
sinusoidal  forces  at  various  points  along  the  frame,  or  from  a detailed 
finite  element  numerical  analysis.  In  either  case,  significant  expense  is 
involved.  Further,  the  sources  of  soma  of  the  Fg,  such  as  engine  mounts,  may 
be  difficult  to  analyte.  Appropriate  references  on  these  topics  are  ( 261  end 
[27] . 
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The  laportant  point  hero  la  that  while  the  slaulatlons  considered  in  this 
review  aay  be  uaed  in  a ride  analysis,  the  reeulta  may  be  flawed  due  to  the 
rigid  body  aaauaptiona.  However,  the  expenae  of  a acre  aaaningful  analysis, 
including  beaa  vibration,  aay  be  difficult  to  juatlfy  in  aany  applications. 

The  aoat  coat-afflcient  procedure  In  ride  alaulatlon  la  likely  to  be  to 
neglect  all  alde-to-alde  dynaalca  and  concentrate  efforta  on  a "bicycle"  aodel 
entailing  front  and  rear  wheel  aotlona  and  rigid  body  dynaalce.  Even  when  non- 
linearities  in  the  suspensions  are  Included,  the  ayetea  will  easily  fit  on  aoet 
analog  or  hybrid  coaputer  facilities,  thus  enabling  the  user  to  perform  sconoa- 
lcal  calculations  deaonstrating  ride  trends  for  various  roadways  of  interest. 
This  methodology  obviates  the  necessity  to  procure  more  input  data  than  is 
justified  by  the  accuracy  of  the  calculations. 
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Cable  Systems 

Nkholai  F.  Morrii 
Polytechnic  Institute  of  New  York 


IimODOCTION 

Structures  whose  mein  loed-carrylng  elements  are  cables  ars  not  a recent 
development  In  civil  engineering.  Suspension  bridges  have  often  been  used  to 
span  long  distances  efficiently  and  in  an  aesthetically  pleasing  Banner.  Sus- 
pended railway  electrification  lines  and  guysd  towers  ars  other  examples  of 
cable-supported  structures  which  have  been  used  for  many  years.  Recently,  how- 
ever, Bore  daring  structural  appllcatlona  of  cables  have  bean  proposed.  Roofs 
supported  by  cable  nets  have  been  built  In  Bsny  areas.  These  structures  differ 
frja  sore  traditional  cable-supported  structures  In  that  no  stiffening  elsamnts 
have  been  designed  Into  the  structural  system.  It  Is  accepted  as  a design  prem- 
ise that  the  cable  net  can  carry  a load  by  its  Increased  nonlinear  stiffness 
under  deformation.  While  suspension  bridges  require  nonlinear  equations  If 
they  are  analysed  by  the  deflection  theory,  the  linearised  deflection  theory 
will  result  In  a fairly  accurate  description  of  suspension  bridge  behavior. 

Cable  nets,  however,  are  usually  much  mors  nonlinear  than  suspension  bridges. 

A slap la  deflection  theory  Is  not  adequate  for  their  analysis.  This  fact  has 
long  been  recognised  and  a large  maount  of  research  work  has  been  carried  out 
on  the  static  analysis  of  cable  nets  (!].  Unfortunately,  the  dynamic  response 
problem  has  not  received  as  much  consideration.  This  lack  of  attention  to 
dynamic  analysis  does  not  seem  to  have  resulted  In  the  design  of  any  structures 
which  have  behaved  poorly  under  wind  load.  It  must  be  noted,  however,  that 
most  previously  constructed  cable  net  roofs  carry  a fairly  stiff  roofing  system 
along  with  a relatively  large  roof  dead  load.  Future  designs  will  not  have 
these  chactarlstlcs;  roofing  will  probably  have  very  light  naabranes  with  vary 
little  dead  weight. 

Cable  systems  are  used  quits  extensively  In  ocean  engineering  work  as  moor- 
ing Unas.  While  the  problaau  involved  In  thslr  design  ssaa  quite  different 
at  first,  from  the  design  problems  of  cable  net  roofs,  there  does  exist  a great 
deal  of  similarity.  The  aaln  dynamic  load  acting  on  each  element  Is  a random 
process;  for  mooring  lines  the  process  Is  due  to  wavs  action,  while  for  cable 
nets  the  process  arises  from  the  wind  field.  Both  sets  of  loads  srs  s result 
of  fluid-elastic  forces  arising  from  an  assumed  Gaussian  velocity  field  for  the 
fluid.  As  shall  be  seen  the  analytical  work  dons  on  cable  systems  for  both 
roof  nets  and  aoorlng  lines,  although  carried  out  Independently,  lead  to  tha 
asms  computational  procedures. 


ROTATION 


The  following  notation  has  been  employed 


A 

•U 


cross-sectional  areas  of  a cable  element 
numerator  of  displaced  element's  direction 
cosine  with  respect  to  tha  global  x axis,  !q.  (2) 
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c 


D 

t> 

D 

E 

i.J 


K 

L 

M 


1J 


■U 

•i 

P 

TlJo 


factor  containing  nonlinear  tarns  In 

cable  tension,  Eq.  (A) 

d raping  matrix  for  the  net 

elements  of  the  damping  matrix 

linear  factor  In  the  computation  of 

cabla  tension,  Eq.  (5) 

displacement  matrix  for  tha  net 

velocity  matrix 

acceleration  matrix 

modulus  of  elasticity 

designation  of  end  nodes  for  an  arbitrary 

element 

stiffness  matrix  for  the  net 
original  length  of  tha  element  1 j 
mass  matrix  of  tha  net 

elements  of  tha  mass  matrix 
lumped  mass  at  nods  1 
load  matrix 

tension  In  tha  alamant  1 J 
original  tension  In  tha  alamant  1 j 
Cartesian  coordinates  of  node  1 In  the  net 
displacements  of  nods  1 In  tha  x,  y and  c 
directions 


BACKGIOOND 

Cabla  nets  ara  often  highly  Indetamlnata  structural  sy  a terns.  Since  their 
analysis  usually  raqulrea  a nonlinear  formulation,  soma  work  has  bean  carried 
out  on  their  description  by  different  mathematical  models.  In  general,  tmo 
basic  approaches  have  been  utilised  [1]  t continuous  and  discrete  methods.  In 
the  first  method  tha  structure  la  considered  ••  a continuous  alamant.  This 
representation  Is  obviously  true  for  a single  cable  but,  of  course,  general  nets 
ara  made  up  of  discrete  cables.  An  attempt  la  made,  however,  to  replace  tha 
discrete  configuration  with  a continuous  anlaotoplc  membrane.  The  mambrane 
equations  can  then  be  solved  with  tha  eld  of  finite  differences  or  the  Galarkln 
method.  If  finite  differences  ara  employed,  tha  continuous  approach  will  be 
efficient  only  If  the  resulting  algebraic  equations  have  a lower  order  than 
those  arising  In  the  discrete  method  of  analysis.  This  condition  can  occur  If 
the  number  of  cablea  and  nodes  In  the  structure  Is  quite  large.  While  the  con- 
tinuous method  has  been  widely  employed  In  the  static  analysis  of  cable  nets. 

It  does  not  seen  to  have  been  carried  out  for  general  nonlinear  dynamic  analy- 
sis. Galarkln's  method  has  been  used  In  conjunction  with  a continuous  repre- 
sentation to  solve  for  the  dynamic  response  of  double  layered  planar  cabla  nets 
(2] . It  waa  found  that,  while  the  method  was  lass  efficient  than  tha  finite 
elaswnt  method  for  nonlinear  static  and  dynamic  analyses,  It  was  a reasonable 
procedure  for  the  computation  of  linear  dynamic  response.  However,  Calerkln's 
method  does  have  the  defect  of  requiring  different  programs  for  each  new  set  of 
boundary  conditions. 

In  general,  It  does  not  appear  that  tbs  continuous  method  will  be  used  in 
dynamic  response  progress.  It  la  not  general  enough  to  analyse  various  net 
configurations.  Thera  sts  also  problems  Involved  In  the  description  of  inter- 
action between  layers  In  double  layered  cable  nets.  Tha  familiar  problem  of 
programming  general  boundary  conditions  also  arises  In  this  formulation, 
although  cabla  nets  cannot  have  very  many  different  support  conditions;  a cable 
Is  either  restrained  or  free.  The  discrete,  or  finite  elasMnt,  method  has  been 
used  to  develop  dynamic  response  programs.  While  it  may  be  lass  efficient  than 
the  continuous  method  for  a particular  problem,  the  discrete  method  has  the 
advantage  of  greater  generality.  It  la  also  easier  to  program,  and  fit  In  with 
multi-purpose  computer  programs. 

The  various  formulations  of  the  finite  alamant  method  differ  In  the  choice 
of  basic  alamant.  Soae  researchers  have  represented  cabla  nets  as  a configuration 
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of  straight  cabla  claaanta  while  others  have  attempted  a aora  accurate  de- 
scription with  the  aid  of  curved  cable  element*.  The  latter  foraulatlon  le 
obviously  sore  accurate,  albeit,  soaawhat  aore  difficult  to  progrea  for  non- 
linear analyals.  Moat  civil  engineering  applications,  however,  appear  to  have 
ueed  atralght  elaaents.  This  la  valid  becauae  cable  neta  are  usually  highly 
tensioned  and  the  gaoaatrlc  surfaces  that  they  span  are  aade  up  of  shallow 
curvea.  The  largest  discrepancy  between  the  two  types  of  discretisation  meth- 
ods will,  therefore,  arise  In  the  analysis  of  a single,  loose  cable.  A larger 
number  of  straight  elements  will  then  be  required  to  achieve  the  same  accuracy 
aa  a given  number  of  curved  elamenta.  This  may  not  be  too  severe  a restriction 
since  the  order  of  the  algebraic  eyatam  remains  manageable  In  either  caae. 

The  dynamic  equatlone  which  arlaa  in  tha  dlacreta  method  of  analysla  are 
easily  derived.  If  the  elements  are  taken  as  straight,  the  Inertia  equation 
for  the  x direction  at  an  arbitrary  node  1 can  be  written  aa  [2] 


l 

1 


im  which 

*ij  “ *1  ♦ *1  “ *j  - mj 

Tlj  ' Ti>  + ( ^ >U  <>ij  + »u> 

By  - 0.30  [{«{  - Oj)2  * (»j  - Vj)1  ♦ (»j  - Wj)2] 

Du  * (vxj)(vV + <vV(vV  ♦ 


a) 

(2) 

(3) 

<*) 

(3) 


Similar  equatlone  can  be  written  for  tha  y and  s directions  [3].  It  should 
be  noted  that  the  summations  over  ] In  Iq,  (1)  represent  tha  effect  of  adja- 
cent modoa  around  tha  node  1.  If  the  lumped  mass  approach  la  used,  »ij  ■ a* 
for  1 ■ J and  my  - 0 for  1 qb  j . The  sunt  Ion  over  r Includes  sll  vibrating 
nodes;  they  all  enter  Into  the  damping  matrix. 

Iq.  (1),  and  its  counterparts  for  the  y and  s directions,  can  be  visu- 
alised aa  the  equations  of  notion  for  a space  truss  with  Initial  tensions.  They 
ara  nonlinear  equations  for  two  reasons.  First  of  all,  the  teams  By  Introduce 
tha  effect  of  large  dlsplecmnts  on  tha  tension  magnitudes.  Secondly,  the 
use  of  displacements  In  the  expression  for  ay  reveals  that  the  equations  ara 
written  with  respect  to  the  deformed  position  of  the  net.  Therefore,  If  By  la 
set  equal  to  sero  and  ay  Is  taken  aa  xi  - xj,  Iq.  (1)  Is  tha  linear  aquation 
for  a apace  truaa  with  Initial  tensions.  It  must  be  noted,  however,  that  tha 
Initial  tensions  must  exist  In  the  equivalent  space  trues.  Most  cabla  nets 
have  quite  arbitrary  geometries  which  would  he  unstable  as  trusses  unless  they 
were  stabilised  hy  the  Initial  cabla  tensions. 

Iq.  (1)  and  the  other  two  aquations  of  motion  may  ha  east  Into  the  familiar 
form  of  the  displacement  method  of  analysis 

[1(D)]  {D}+  (ft  - IM]  {B}  + [C]  (*}  (6) 


1(D),  however,  depends  on  tha  value  of  tha  displacement  matrix  which  Is  not 
known  until  tha  aquations  have  been  solved.  It  Is,  of  course,  possible  to  use 
the  foraulatlon  of  the  force  method  of  analysla  In  the  description  of  tha  cable 
system.  In  fact,  In  certain  problems  such  aa  tha  analysis  of  single  cables, 
this  approach  will  probably  be  mors  efficient  computationally.  Most  work  done 
on  cable  nets,  however,  has  utilised  the  displacement  method  of  analysis.  The 
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writer  knows  of  no  nonlinear  dynanlc  analysis  of  cable  nets  carried  out  with 
the  aid  of  the  force  method. 

At  least  four  general  solutions  to  Eq.  (6)  have  been  published  [2, 4, 5, 6). 
Except  for  the  work  of  Shore  and  Modjtahedl,  who  used  a perturbation  approach, 
a one  fora  of  lapllclt  set  hod  was  chosen  to  solve  the  dynaailc  equations.  Leonards 
and  Keeker  used  Holler's  sethod,  Morris  and  Blrnstlel  used  Newark '•  linear  ac- 
celeration method,  while  Argyrla,  Dunne  and  Angelopoulos  used  a finite  eleaent 
time  Interpolation  function.  Researchers  solving  the  linear  fora  of  Eq.  (6) 
have  alto  chosen  an  Illicit  aethod  of  analysis.  It  is  felt  that  for  cable  net 
analysis  an  unconditionally  stable  algor It ha  Is  required.  This  nay  not  neces- 
sarily be  true;  as  an  example,  the  aethod  used  in  [6]  la  not  unconditionally 
stable.  However,  the  results  found  therein  appear  to  be  quite  good.  As  Is  cus- 
tomary In  structural  dynamics,  Eq.  (6)  can  be  solved  either  directly  or  with  the 
aid  of  the  aodal  response  aethod.  Leonards  and  Racker,  and  Argyrla,  Dunne  and 
Angelopoulos  used  the  direct  method  while  Morris  and  Blrnstlel  used  both  meth- 
ods . of  course,  when  the  modal  superposition  method  la  applied  to  Eq.  (6)  the 
resulting  systaa  of  equations  Is  not  uncoupled  as  It  is  In  the  linear  case.  An 
equation  of  the  saae  fora  as  Eq.  (6)  la  obtained,  but  the  order  of  the  aatrlces 
Involved  should  be  much  smaller  If  the  method  Is  to  be  efficient. 

It  might  be  of  Interest  at  this  point  to  consider  soae  of  the  computational 
difficulties  Involved  In  the  nonlinear  dynamic  response  analysis  of  cable  nets. 
These  difficulties  arose  In  the  writer's  work  but  they  appear  to  be  general  dif- 
ficulties In  other  nonlinear  analyses  as  well  [7],  A minor  problea  Is  the  choice 
of  aaaa  matrix.  Comparison  of  luaped  aass  solutions  with  results  of  experimental 
testa  aade  by  Jensen  [8]  on  both  double  layered  planar  nets  and  hyperbolic  nets 
reveals  that  the  lumped  aass  eigenvalues  and  mode  shapes  agree  very  closely 
with  eaplrlcal  values.  Therefore  the  lumped  mass  aethod  seeas  reasonable  for 
cable  nets.  A major  problea  Is  the  choice  of  time  step.  The  difficulties  here 
are  enoraous!  In  a linear  dynamic  analysis  the  choice  of  too  large  a time  step 
reveals  Itself  quite  rapidly;  the  displacements  becoae  excessive  and  a cutoff 
value  can  be  put  Into  tha  prograa  to  stop  computations.  For  the  nonlinear  form 
of  Eq.  (6),  thla  will  not  happen;  a solution  will  always  occur  snd  the  displace- 
ments will  not  be  excessive.  A quick  glance  at  tha  results  will  not  be  suf- 
ficient to  determine  that  the  results  are  meaningless;  the  solution  must  be  fol- 
lowed through  to  check  whether  tha  valuas  are  reasonable  or  not.  There  are.  In 
fact,  two  different  time  step  errors  that  have  occurred  in  the  solution  of  cable 
nets  acted  upon  by  a harmonic  forcing  function.  The  first  error  arises  when  the 
time  step  la  completely  wrong,  even  for  the  linear  solution.  When  this  Is  the 
situation,  tha  rasponsa  goes  to  a certain  amplitude  and  undergoes  a vary  slight 
vibration  about  tha  amplitude.  This  error  can  be  avoided  by  basing  tha  time 
step  on  the  linear  aolutlon  to  the  same  problea,  a procedure  which  requires  a 
linear  analysis  prior  to  tha  nonlinear  analysis.  However,  If  a tins  step  Is 
employed  which  Is  tha  sans  as,  or  slightly  lass  than,  the  stable  tlae  lncrane.it 
for  tha  linear  solution,  a second  error  night  still  arise.  In  this  case,  the 
aolutlon  behaves  correctly  for  a few  cycles  of  loading  until  an  amplitude  trend 
gradually  sets  In.  Tha  maximum  amplitude  in  one  direction  Increases  slightly  at 
each  cycle  while  the  aaxlaua  amplitude  In  the  other  direction  becomes  slightly 
smaller;  a steady  stats  solution  never  occurs.  This  behavior  is  disconcerting 
In  a cable  net  because  one  would  expect  larger  amplitude  In  one  direction 
(against  tension)  than  In  another  (with  tension).  However,  the  error  Is  re- 
vealed quite  clearly  because  the  tension  values  are  completely  in  error. 

Strangely  enough,  this  behavior  does  not  seem  to  be  dependent  on  the  nonlinearity 
of  the  response.  Some  highly  nonlinear  response  computations  hava  not  sxhlbltad 
this  peculiarity  while  It  has  been  found  In  only  slightly  nonlinear  response 
problems.  Whether  this  pattern  occurs  or  not  a*«s  to  be  dependent  on  the  rel- 
ative magnitude  of  the  ln-plane  displacements.  Tha  more  Important  they  are,  the 
aore  likely  it  is  that  this  behavior  will  appear. 

When  the  aodal  superposition  method  Is  applied,  the  problem  of  tlae  step 
appears  In  a different  Banner.  For  uae  with  tha  linear  acceleration  procedure, 
a tlae  step  of  T^^/fi,  where  TBi_  Is  the  smallest  period  of  all  the  modes  am- 
ployed,  appears  to  work  quite  well  for  both  linear  snd  nonlinear  response  com- 
putations. Making  tha  time  step  smaller  does  not  change  tha  results  obtained. 
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Hovever,  the  basic  problea  atlll  remain a In  another  fora:  the  choice  of  how 

■any  nodes  aust  be  used  to  obtain  accurate  results.  Unfortunately,  a*  could  be 
expected,  the  nuaber  of  nodes  required  for  a nonlinear  solution  la  usually  larger 
than  that  required  for  a linear  solution.  Hence  the  choice  of  nodes  to  be. used 
■ust  be  decided  by  trial  and  error  Just  as  the  tine  step  la.  However,  there  Is 
a see  advantage  to  the  nodal  response  nathod;  It  scans  to  arrive  at  an  answer 
even  If  this  answer  is  not  conpletely  correct.  For  exaaple.  If  a sufficient 
nunber  of  nodes  la  not  used,  the  dlsplacanents  nay  be  approxlnatad  quits  well 
although  tha  tensions  are  incorrect.  It  should  be  noted,  however,  that  the 
errors  In  tension  usually  reveal  thenaelves  by  Junps  at  a node.  That  Is,  for  a 
cable  continuous  across  a node,  Instead  of  virtually  the  sane  tension  In  each 
segnent,  there  is  a Junp  in  value  with  tha  value  on  one  aide  of  the  node  too 
large  and  that  on  the  other  side  too  anall.  The  correct  tension  should  then 
be  close  to  their  average  values.  This  fact  nakas  It  possible  to  salvage  re- 
sults obtained  with  the  aid  of  the  nodal  superposition  aethoda,  even  If  the  nua- 
ber of  nodes  chosen  la  not  large  enough.  Probably  the  greateet  advantage  of 
the  aodal  superposition  aethod  la  that  whara  the  loading  pattern  allows  It  to 
be  applied,  the  tiise  step  la  auch  larger  than  that  required  for  the  direct 
aethod;  In  soaa  caaea,  a factor  around  10  la  involved.  The  large  Increase  In 
tlae  step  Is  even  aora  Important  than  the  reduction  in  size  of  the  algebraic 
syatea  Involved  In  Eq.  (6). 

Any  lapllclt  solution  to  Eq.  (6)  requires.  In  soae  fora,  the  solution  of 
an  equivalent  nonlinear  static  problea  at  each  tlae  step.  The  tlae  step  Is  so 
saall,  however,  that  no  sophisticated  aethoda  are  required  to  eolve  tha  equa- 
tions; a staple  Iteration  will  convarga  in  two  or  three  trials  at  Boat.  In 
soae  nonlinear  ayetaaa  (9),  It  has  been  possible  to  solve  tha  equations  once  at 
each  tlae  step  and  add  the  errors  Involved  at  tha  next  tlae  step.  This  has 
been  tried  for  cable  nets  under  haraonlc  forcing  functions  but  It  has  not  been 
successful  [2].  It  sniat  be  pointed  out  that  a haraonlc  forcing  function  la  the 
■oat  critical  load  that  can  be  used  to  check  a procedure.  A noniterative  ap- 
proach night  work  for  other  loading  conditions. 

The  computation  of  aoda  shapes  and  elgenvalv.es  prior  to  attempting  a 
dynaalc  solution  would  scaa  to  be  a necessity.  Any  direct  procedure  such  as 
the  Glvens-Householder  aethod  should  be  suitable  wherever  systea  size  Is  not  a 
problea.  However,  this  writer  has  had  difficulty  In  using  simple  Iteration 
achaaee  for  cable  eye teas.  Either  convergence  was  not  obtained,  or  It  was  ob- 
tained vary  elowly.  This  result  could  be  expected  because  aany  net  systems  are 
highly  degenerate.  Even  where  different  aodas  do  not  have  the  same  frequencies, 
tha  eigenvalues  are  close  together.  For  double  layer  ayataae  the  mass  teras  on 
the  two  layers  nay  differ  widely.  Iteration  procedures  are  quite  sensitive  to 
thle  mass  distribution,  avsn  though  the  eigenvalues  and  aode  shapes  aay  not  be. 

Aa  stated  earlier,  the  aaln  loada  that  a cable  net,  used  as  either  a roof 
or  a mooring  line.  Is  subjected  to  will  be  stochastic  In  nature,  arising  froa  a 
Gaussian  velocity  field.  (While  earthquake  loading  la  an  obvious  dsslgn  con- 
sideration for  roofa,  their  large  ln-plana  stiffness  appears  to  be  such  that 
wind  load  will  be  more  critical.)  In  ocean  engineering,  a large  amount  of  re- 
search work  has  been  carried  out  to  arrive  et  a suitable  loading  description  due 
to  wave  action.  For  roof  nets,  soae  work  has  been  done  on  wind  loading  but  the 
problea  Is  complex  and  It  will  probably  bs  soaa  tlae  before  a realistic  loading 
pattern  will  be  decided  upon.  It  is  obvious,  however,  that  random  vibration 
theory  will  be  required  In  any  solution.  At  tha  present  tlaa,  a computationally 
efficient  procedure  for  computing  the  randoa  vibration  of  a geometrically  non- 
linear syatea  with  a large  nia&er  of  unknowns  does  not  seea  to  be  available. 

About  the  only  procedure  which  could  be  employed  would  be  a computer  simulation 
of  the  wind  field  over  the  cable  net  and  Its  resulting  loading  pattern.  The 
cable  net  could  then  be  solved  using  Eq.  (().  There  are  two  defects  in  this 
procedure.  First  It  requires  that  several  simulated  loading  patterns  be  applied 
to  errlve  at  statistically  valid  rssults.  For  a nonlinear  dynaalc  analysis,  tha 
computer  tlae  would  be  prohibitive.  Secondly,  uncertainty  In  the  loedlng,  at 
the  present  tlae,  Is  so  large  that  a refined  nonlinear  solution  does  not  seea 
to  be  reasonable. 

Although  random  vibration  theory  cannot  be  easily  applied  to  nonlinear 
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reeponse  probleaa,  It  can  ba  readily  aaployed  In  ltnaar  raaponae  computation* 
of  root  aean  aquara  valuaa  for  dliplacaatanta  and  tensions,  Thia  knowledge  haa 
J.ad  aany  raaaarchara  to  at  taapt  a llnaar  formulation  of  tha  dynaalc  aquatlona. 
Fortunately,  for  both  wind  and  wave  forcaa,  a anal-linear  analyele  la  poaalbla. 
Tha  wind  velocity  pattern  at  a given  point  say  be  daacrlbad  by  a alowly  changing 
■can  velocity  and  a fluctuation,  or  guatlng,  about  that  scan  velocity.  Tha  naan 
velocity  varlaa  ao  alowly  that  lta  effect  on  the  atructure  la  atatlc,  while  tha 
dynaalc  effect  la  due  to  tha  fluctuating  forcaa.  It  can  be  aaauated,  therefore, 
that  the  dynaalc  raaponae  la  a linear  perturbation  about  the  atatlc  equilibria 
poeltlon  under  the  seen  velocity.  The  atlffnaee  of  tha  atructure  under  the 
dynaalc  load  la  coaputed  by  aubatltutlng  tha  atatlc  equlllbrlua  dlaplacaaenta 
and  tanalona  In  the  aquatlona  for  R(D)  of  Eq.  (6).  Of  couraa,  the  nonlinear 
atatlc  aquatlona  aunt  be  aaployed  In  eolvlng  for  the  displaced  poeltlon  of  the 
net  under  the  seen  wind  load.  Thia  procedure  haa  been  widely  aaployed  In  both 
civil  and  ocean  engineering  analyala  of  cable  neta.  It  will  reault  In  accurate 
anewera  with  an  enoraoua  aavlng  In  coaqniter  tlaa. 

It  aeaaa  evident,  therefore,  that  In  order  to  aolve  practical  probleaa  for 
cable  eyataaa,  three  eubroutlnea  auat  ba  available  in  any  prograa,  a nonlinear 
atatlc  aubroutlne,  a linear  node  and  eigenvalue  coaputatlon  aubroutlna,  and  a 
linear  dynaalc  raaponae  aubroutlne.  The  latter  two  eubroutlnea  are  etandard  In 
any  general  coaputer  package.  The  nonlinear  atatlc  aubroutlne  la  available  In 
euch  eyataaa  aa  STRUDL  [10]  and  NASTRAX  [11].  However,  a eearch  of  their  liter- 
ature doae  not  Indicate  whether  Initial  tanalona  can  be  read  Into  their  apace 
truae  prograaa.  STRUDL  doea  have  a aachanlea  for  foraing  new  atlffnaee  aatricea 
but  thia  writer  haa  not  tried  to  utlllce  It.  Aa  pointed  out  earlier,  a cable 
net  la  a apace  truae  whoaa  aaabers  are  In  Initial  tenalon;  therefore,  all  that 
la  needed  to  uea  any  general  coaputer  ayataa  le  tha  ability  to  Incorporate  thia 
tenalon  Into  the  atlffnaee  aatrlx.  Thle  wae  dona  for  the  ELAS  ayataa  by  Alpay 
and  Utku  [12]. 


PROCRAKS  AVAILABLE 

There  doee  not  axlat  at  the  preeent  time  a large  coaaerclal  Market  for  coaputer 
prograaa  devoted  exclualvely  to  cable  eye  tail.  Although  only  eaall  aodlflcatlona 
of  exlatlng  prograaa  aay  be  required  to  obtain  aaal-llnaar  aolutlona,  the  aanuala 
for  general  prograaa  do  not  atate  If,  or  how,  thia  could  ba  done.  Hoot  of  tha 
available  prograaa  preaented  herein  are  prograaa  developed  by  raaaarchere  In  the 
field  of  cable  dynaalc*.  In  general,  euch  prograaa  auffer  froa  the  defect*  of 
poor  user  docuaentatlon  and  lack  of  genarallty.  However,  no  Judgaeat  can  be 
aade  on  any  Individual  prograa.  Tha  following  prograa*  are  coaaerclal  prograaa 
which  are  available  for  analyil*  of  cable  network*  i 

1.  Ask* -Croup,  I8X  Stuttgart 
Ffaffenwaldlng  27,  7000  Stuttgart  80, 

Ceraany 

Thl*  la  a general  nonlinear  dynaalc  prograa  for  three-dlaenalonal  cable  nets. 
It  use*  a finite  el«aent  tlae  representation  and  1*  not  unconditionally 
•table  [6], 

2.  Atkina  Raeearch  and  Developaent 
Woodcote  Crove 

Ashley  Road,  Epaoa,  Surrey,  England 

Thia  prograa  uses  a aaal-lluear  analyala  of  three-dlaenalonal  cable  ayataa*. 
Dynaalc  aquations  are  solved  by  Hewaark’a  P aethod  [13]. 


3.  Lockheed  Electronic*  Coapany,  Inc. 
U.S.  Highway  22 
Plainfield,  New  Jersey  07081 
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Thla  program  utilises  a s sal-linear  solution  to  two  dimensional  cabls- 
bouy  syateas  iredar  various  currant  velocity  profiles. 

4.  Svanaon  Analyala  Systeaa,  Inc. 

870  Pina  View  Driva 
Ellzabath,  Pa.  15037 

A ganaral  nonlinear  cable  ayataa  program  la  available.  It  uaaa  lapllclt 
Integration  of  the  baalc  aquation  a and  either  a direct  or  aodal  reaponaa 
eolutlon. 

The  following  prograaa  have  bean  reported  In  recent  reeearch  literature  on 
cable  systems;  the  principal  lnvaatlgator  la  Hated  t 

5.  J.  W.  Leonard 

Civil  Engineering  Department 
Illlnola  Inatltute  of  Technology 
Chicago,  Illlnola  60608 

Thla  prograa  eolvee  the  forced  reaponaa  of  general  nonlinear  cable 
ayataeia  [A].  It  uaea  Holier'a  eat  bod  and  la  coaaarclally  available. 

6.  M . r.  Morris 

Civil  Engineering  Departaent 
Polytechnic  Inatltute  of  New  York 
Brooklyn,  N.T.  11337 

Thla  la  a earlea  of  prograaa  for  linear  and  nonlinear  reaponaa  uelng  both 
the  aodal  reaponaa  method  and  the  direct  aethod.  The  work  vae  aponaored 
by  the  National  Science  Foundation  and  prograa  lletlnga  are  public  [2]. 

7.  8.  Shore 

Civil  Engineering  Departaent 
Uulveralty  of  Pennsylvania 
Philadelphia,  Pa.  19104 

Thla  program  aolvea  the  forced  steady  atate  reaponaa  of  cable  neta  under 
a harmonic  forcing  function  (5).  The  frequency-aaplirude  curve  la  com- 
puted with  a maerlcal  fora  of  perturbation.  It  requires  aodal  super- 
poaltlon. 

8.  V.  C.  Knodeen 

Doctoral  theala,  April  1971 
Unlveralty  of  California,  Berkaly  94720 

Knudsen  developed  aael-llnear  prograaa  for  cable  neta  under  wind  loading 
and  earthquaka.  Both  coaputar  elaulatlon  of  the  wind  load  and  randoa 
vibration  theory  are  utilised  along  with  both  direct  end  aodal  reaponaa 
aolutlons. 

9.  8.  Utku 

Duke  Unlveralty 
School  of  Engineering 
Durham , North  Carolina  27708 

Thla  ayataa  la  a conversion  of  the  SLAB  prograa  to  solve  Initially  streased 
•sabers.  It  has  a aeal-llnear  procedure  for  eolving  random  vibration 
probleaa  [12 ]. 

10.  NOAA  National  Data  Buoy  Center 
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This  program  solves  th*  two  dimensional  problem  of  Mooring  cables  with 
tha  aid  of  a saal-llnear  aolutlon  [14],  It  la  documented  and  haa  baan 
applied  at  othar  cantara  [IS] . Random  vibration  theory  bar  baan  uaad, 

11.  R.  F.  Dominquez 

Texas  A and  M Unlvaralty 
College  Station,  Taxaa  77843 

Thla  program  utllliaa  tha  flexibility  method  in  tha  aolutlon  of  cable 
ayatama.  The  analyela  la  aanl-llnaar.  A dlatlnctlva  feature  of  thla 
program  la  lta  uaa  of  complex  coordlnatae  in  a more  accurate  deacriptlon 
of  dmjplng  [16], 

12.  S.  A.  Crlat 

Air  Force  Academy 
Colorado  80840 

Several  computer  programe  have  been  developed  for  the  ateady  atata  re- 
aponae  of  trailing  wlrea  behind  an  orbiting  aapcacraft  [17,18]. 

13.  S.  T.  Hong 

Department  of  Civil  Engineering 
Waahlngton  Unlvaralty 
Seattle,  Waahlngton  48105 

A aanl-llnear  aolutlon  la  programed  for  long,  taut  mooring  llnaa.  It 
utlllaea  a frequency  domain  analyela  [19]. 

14.  K.  P.  Kerney 

■aval  Ship  Raaearch  and  Development  Center 
Betheada,  Maryland  20034 

Two  dlmenaional  motion  of  an  lnaxtenalbla  cable  under  harmonic  forcing 
la  deacrlbed  by  thla  program.  A aeml-llnaar  approach  la  uaad  [20]. 

15.  J.  K.  Arnaton 
Doctoral  theala,  1974 
Unlvaralty  of  Mlnneaota 
Hloneapolla,  Minn.  5S4S5 

Thla  program  appeara  to  be  a aaml-llnear  aolutlon  to  the  dynamic  reaponae 
problem  [21],  It  haa  been  uaed  In  the  random  vibration  analyale  of 
circular  roof a. 
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Offshore  Structures  Analysis 
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INTRODUCTION 

Thli  chapter  daala  predominantly  with  tha  dynamic  analyala  of  offahora 
atructuraa.  Dynamic  (and  In  aoma  eaaaa  nonllnaar)  analyala  la  hacomlng 
aconomleally  Important  for  tha  following  raaaona: 

1.  For  tha  nora  coatly  atructuraa,  amall  daalgn  raflnaaanta  can 
glva  rlaa  to  larga  construction  coat  tarings. 

2.  In  complax  systacts,  unaophiatlcatad  static  analysis  mat  hod  a can 
raault  In  a hlghar  risk  In  tarns  of  property  and  Ufa. 

3.  Bacauaa  offahora  atructuraa  ara  balng  built  in  daapar  watar  and 
ara  balng  axposad  to  harahar  anvironmantal  conditions  than  In  tha  paat, 
thasa  atructuraa  can  frequently  no  longar  ba  adaquataly  daacrlbad  by 
static  analyala. 

4.  Tha  computational  capability  and  spaad  of  tha  digital  computer 
can  raduca  production  schedules. 

5.  Both  tha  public  and  regulatory  aganclea  are  concerned  about  tha 
possible  anvironmantal  Impact  of  proposed  designs. 

6.  Tha  response  of  floating  rigs  la  not  compatible  with  static 
analysis. 

In  general,  tha  response  of  a marina  structure  must  account  for  tha 
action  of  ocaan  surface  waves,  currant,  wind,  gravity  loading,  and  other 
loading  conditions.  In  complax  systems,  tha  fluld-atructurs-soll  Inter- 
action must  bo  simulated  to  obtain  a realistic  structural  model.  Tha  re- 
sponse of  fixed-bass  platforms,  floating  rigs,  or  large  submerged  atruc- 
turaa, including  certain  marina  components  such  as  risers,  pipelines, 
and  moorings,  are  discussed. 


NOMDKUTVU 

Projected  area  of  a unit  length  of  a member 

Volume  of  water  replaced  by  a unit  length  of  a member 

Damping  factor 

Drag  coefficient 

Hodlfled  drag  coefficient 

Mass  (Inertial)  coefficient 

Modified  mass  (Inertial)  coefficient 

Mass  coefficient  accounting  for  a fluid  flow  disturbance 

Dimensions  of  the  object  In  the  x,y,s  directions 

Modulus  of  elasticity 

Internal  forces 

Fluid  pressure  force 

Fluid  drag  force 

Norliontal  fluid  pressure 
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Inertial  fluid  fore* 

Wind  pr***urc 

Acceleration  due  to  gravity 
Mean  water  depth 
Wave  height 

Coefficient  In  the  wave  profile  calculation 

Nonlinear  coafficlent  In  the  wave  profile  calculation 

Moment  of  Inertia 

Stlffnaaa  matrix 

Linear  atrain  atlffnaa*  matrix 

Nonlinear  atrain  atlffneaa  matrix 

2it/i 

Wavelength 
Virtual  aaaa  matrix 
Added  aaaa 

Highaat  Index  number  In  the  eerie* 

Load  vector 

Wave  preeaure  at  the  craat 

Wave  preaeure  normal  to  the  member  aurface 

Wave  preaeure  at  the  trough 

Buoyant  or  ln-alr  weight  of  the  rlaar 

Tranafer  function 

Raaponae  apectrua 

Tima 

Structural  diaplacemant,  velocity,  acceleration 
Fluid  diaplacemant,  velocity,  acceleration 
Wind  velocity 
Coefflclenta 

Specific  weight  of  the  fluid 
Increment  of  frequency 
Wave  phaaa  angle 
Coordinate  of  the  weve  aurface 
Phaee  angle 
Rayleigh  dlatrlbutlon 
Fluid  denalty 
Air  denalty 

Variance  of  the  apectrua 
Variance  of  the  raaponae  apectrua 
Tenalon  (axial  force) 

Mode  a ha pa  matrix 

Circular  frequency  of  the  wave 


FLUID-STRUCTURE  INTL^'T'ION 


The  fluid-atructure  Interaction  in  offehore  platform  analyala  le  uaually 
almulated  by  hydrodynaalc  force*.  Thee*  force*  nay  or  aay  not  be  related 
to  the  raaponae  of  the  atructure,  dapending  on  the  degree  of  the 
simplification. 

In  the  deterministic  approach,  the  action  of  regular  maximum  waves 
or  random  waves  aay  be  used.  The  parameters  of  such  waves  are  taken  from 
oceanographic  data  of  certain  locations.  Maximus  wave  characteristic* 
(height,  period)  from  the  last  30  to  100  year*  ar*  considered.  Data  are 
available  through  National  Oceanographic  Data  Center. 

The  regular  wave*  can  Induce  harmonic  response  of  ths  structures  If 
the  structural  period  Is  dose  to  that  of  the  wav*.  Wind-Induced  wave* 
ar*  usually  of  random  character.  For  evaluation  of  random  wav*  effects, 
the  stochastic  evaluation  la  preferable.  The  wav*  Is  assumed  to  be  com- 
posed of  several  regular  (periodic)  waves,  and  an  evaluation  of  the  wav* 
energy  le  used  la  the  computation  of  structural  response.  The  wav* 
spectral  density  function  and  Its  application  Is  briefly  described  In 
another  aectlon.  Since  the  computation  of  hydrodynaalc  forces  In  both 
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atochaatlc  and  daterainlatlc  analyala  ii  baaad  on  tha  lama  principles, 
Che  difference!  In  approach  are  mentioned  only  where  neceaaary. 

The  calculation  of  the  hydrodynamic  force*  1*  primarily  baaad  upon: 

1.  Computation  of  th*  preaaura  baaad  on  th*  fluid  acceleration  and 
velocity  and  on  th*  atructural  charactariatic*  and  reaponaa 

2.  Computation  of  th*  water  particle  kinematic* 


WAVE  FORCES 

Evaluation  of  the  praaaure  force*  dapanda  on  th*  relative  ale*  of  tha 
atructure  and  alamenta  and  the  wava  length.  For  true*  or  frame  atruc- 
turea,  th*  Morrlaon  [1]  aquation  la  uaually  uacd.  Morrlaon  haa  derived 
th*  praaaur*  force*  (force  per  unit  length)  for  vertical  pile*  and  haa 
axpreaaad  them  aa  a combination  of  drag  force*  fj ) and  lnartlal  force*  fj. 
Frouda-Krllov  praaaur*  la  conalderad  negligible.  Tha  praaaure  force 
according  to  Morrlaon  la 


f • 


fD  + fl 


(1) 


Inertia  force*  of  fluid  particle*  are  proportional  to  th*  local  acceler- 
ation of  th*  fluid.  Drag  force*  are  proportional  to  th*  fluid  particle 
velocity.  For  flexible  atructure*,  th*  relative  velocity  and  relative 
acceleration  are  required.  The  (modified)  Morrlaon  equation  can  there- 
for* be  written  In  a form 


f - 1/2  CnpApfv  - u)|v  - u|  + Cj(PBv  - M,u 


(2) 


where  Cp  and  Cm  are  empirically  derived  drag  and  me  a a coefficient*; 
v and  v are  fluid  velocity  and  acceleration,  reapectlvely;  u and  ii  are 
atructural  velocity  and  acceleration;  p la  fluid  denalty;  Ap  and  B denote 
th*  projecting  area  and  voluaM  of  th*  unit  length  of  a member;  and  Ma  la 
the  added  Me*.  Th*  added  maas  la  uaually  conalderad  to  be 


l , - (Cjj  - l)pB  (3) 

where  th*  difference  In  tangential  and  normal  dlractlona  wltn  regard  to 
th*  axle  of  the  member  were  neglected. 

Fluid  kinematic*  of  an  undlaturbed  wav*  can  be  computed  uelng  varl- 
oua  theorlea.  Model  teeta  on  circular  cylinder*  Indicate  that  a value 
of  2.0  for  Cm  will  give  conaervatlve  value*  of  Inertial  force*.  In  prac- 
tice, Cm  la  commonly  aaalgned  a value  of  1.3.  However,  th*  earn*  atudy 
a hove  value*  of  Cq  varying  from  1.2  to  4.4.  Both  th*  drag  force  and 
th*  Inertial  force  depend  on  th*  Reynold*  number  and  on  th*  Irregularity 
of  th*  wave*.  Th*  affect  of  ecatterlng  cannot  be  Included  bacaua*  th* 
computation  la  baaed  on  th*  aaaumptlon  that  the  wav*  motion  la  undie- 
turbed  by  th*  atructure.  Th*  Morrlaon  equation  waa  derived  for  an  iao- 
lated  vertical  cylindrical  body  (tubular  beam)  whoa*  diameter  la  email 
compared  with  lta  length. 

Ho  coupling  In  the  computation  of  force*  on  Individual  member*  1* 
conalderad.  (Only  th*  phaam  of  the  paaalng  wava  la  accounted  for.) 

For  large-alaed  atructural  member*,  th*  Frouda-Krllov  force*  ehould 
be  Included.  Th*  effect  of  th*  Frouda-Krllov  force*  become*  vary  Impor- 
tant when  th*  ala*  of  th*  atructur*  approach**  half  the  wavelength.  Th* 
difference  between  the  praaaur*  at  th*  cr**t  pc  and  th*  praaaur*  at  th* 
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trough  Pt  milt  be  considered.  Faulting  [2]  haa  linearised  tha  axpraaaion 
for  tha  praaaura  forca  f.  Tha  llnaariiad  axpraaaion  la 


f - / Pnda  + CD(v  - u)  + CM(v  - ii)  (4) 


whara  pn  la  tha  computed  praaaura  froa  tha  undlaturbed  vava;  Cp  and  Ch 
ara  drag  and  mass  coafflclanta;  a la  tha  aurfaca  of  tha  aaabar;  v and  v 
ara  tha  fluid  velocity  and  acceleration,  respectively;  and  u and  ii  ara 
tha  structural  velocity  and  acceleration.  This  llnaarliation  la  neces- 
sary for  a stochastic  approach.  Tha  first  tan  In  Eg.  (4)  represents 
tha  Froude-Krllov  force;  the  second  ten  represent  a a llnaariiad  drag 
forca;  and  tha  third  tan  represents  tha  simplified  naaa  Inertia  effect. 
Mora  accurate  procedures  of  llnaarliation  ara  required  whan  drag  forces 
ara  tha  prlaary  forces.  According  to  sons  authors,  tha  expression 
Cmv  - (Km  - l)ii  should  be  used  Instead  of  tha  last  tan.  A more  rigorous 
evaluation  based  on  tha  Integral  representing  tha  Froude-Krllov  force 
uaas  Bernoulli's  equation  and  la  computed  froa  tha  wave  velocity  poten- 
tial. This  evaluation  can  be  found  In  [2]. 

If  tha  dimensional  characteristics  of  tha  structure  lncraaae  to  the 
same  order  as  the  wavelength,  the  wave  acatterlng  becomes  more  Important 
than  the  viscous  effects.  Potential  flow  theory  la  commonly  used  In  cal- 
culating wave  pressure  and  wava  forces  on  large  submerged  structures  auch 
aa  oil  atoraga  tanka  and  underwater  habitats.  Raid  and  Bretschneldar  [3] 
hava  proposed  the  computation  of  horltontal  forces  on  large  rectangular 
submerged  structures  In  tha  following  form: 


fH  -^M(^)d2d3  (co.  0!  - co. (9!  + kdt))  (5) 


whara  3m  la  tha  mass  coefficient  due  to  tha  flow  disturbance;  dj,  d2,  and 
d3  ara  dimensions  of  tha  object  in  tha  x,  y,  and  s directions;  k ■ 2if/t;  y 
la  specific  weight  of  fluid;  h and  t are  wave  height  and  wavelength;  H Is 
tha  water  dapth;  x,  y,  and  i are  coordinates;  and  01  la  phase  position  of 
tha  leading  adge  of  the  object  with  respect  to  the  wave. 

This  equation  la  baaed  on  the  assumption  that  only  lnartlal  forces 
have  an  Important  affsct  on  tha  total  praasure.  From  this  equation,  some 
other  diffraction  theories  have  emerged.  Garrison  and  Chow  [4]  have  out- 
lined a diffraction  theory  In  which  submerged  objects  have  arbitrary  shapes. 
Further  references  nay  be  found  In  [5—8] . 

Morrison's  equation  la  usually  preferred  In  the  analysis  of  tubular 
offshore  structures.  Mo  such  preferred  theory  exists  for  large-alsed 
structures. 

For  simplicity,  no  vectorial  summation  to  the  wava  kinematics  la  made. 


WAVS  THEORIES 

Tha  kinematics  of  e wave  vary  with  tbs  parameters  of  wavelength,  height, 
and  water  depth.  Laabrakos  and  Brannon  [9]  have  divided  the  theories  of 
calculating  the  wave  velocity  and  acceleration  Into  two  groups:  Stokas 
theories  and  non-Stokes  theories.  In  structural  computation,  the  Stokea- 
type  theorise  are  most  often  used  even  though  they  do  not  beat  fit  the 
experimental  data.  The  Stokes  waves  propagate  without  shape  deformation 
and  ara  periodic  In  apace  and  In  tins.  Their  equations  usually  Include 
nonlinear  terms  to  describe  formation  of  eddies  and  similar  effects, 
stokes  fifth-order  theory  la  the  extension  developed  and  tabulated  by 
Skjelbrela  and  Hendrickson  [10],  and  la  applicable  In  medium  to  deep 
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water.  In  medium  deep  watar,  Airy  thaory  [8]  la  uaad.  In  shallow  water 
whara  tha  ratio  of  vavalangth  to  depth  la  ralatlvaly  larga,  cnoldal  thaory 
(11)  should  be  uaad.  Thla  claaalf lcatlon  haa  bean  preaented  by  Dean  (12). 
Statistics  Introduced  In  tha  computation  of  wave  forces  by  Borgman  [13] 
require  simpler,  preferably  linear,  wave  thaorlea.  The  linear  filter  tech- 
nique Introduced  by  Reid  (14)  was  studied  by  Hudspeth  and  others  [15]. 
Hudepeth  compares  linear  filter  technique  and  atraaa  function  represen- 
tation [16]  with  experimental  data.  The  study  does  not  favor  tha  linear 
theory;  however,  fair  approxleiatlona  were  obtained. 

A regular  wave  profile  can  be  described  In  linear  theory  by 


C(t)  * h cos  (kx  - uit) 


(6) 


where  C la  surface  profile  of  tha  wave,  h la  the  amplitude,  k la  tha  wave 
number  (k  - 2ir/t),  u la  the  circular  frequency  of  tha  wave,  x la  the 
coordinate  In  the  direction  of  the  wave,  and  t la  tha  time.  In  the  Airy 
linear  theory,  h la  linearly  proportional  to  the  wave  height  h.  The 
Stokes  higher  order  thaory  gives  the  surface  profile  by 


N 

C(t)  ■ £ ii.  coe  n (kx  - wt)  (7) 

n-1 


where  the  tana  are  similar  In  meaning  to  those  In  Eq.  (6),  except  that 
h,,  does  not  depend  linearly  on  tha  wave  height.  Equations  (6)  and  (7) 
describe  the  eurface  of  a regular  periodic  eea.  As  pointed  out  by  Froude 
[17]  In  1905,  an  Irregular  wave  can  be  built  up  from  simple  regular  waves. 
Using  a Fourier  aeries. 


N 

C(t)  - £ h„  coe  (l^x  - t + t„)  (8) 

n-1 


The  terms  are  again  similar  in  meaning  to  those  In  Eqa.  (6)  and  (7),  ex- 
cept that  0%  is  the  circular  frequency  of  the  nth  wave  and  en  Is  the  phase 
angle  of  nth  wave.  This  representation  of  Irregular  waves  wss  Introduced 
by  Denis  and  Pierson  [18]  In  their  description  of  the  statistical  means  of 
predicting  the  response  of  a ship  when  the  wave  energy  spectrum  and  the 
response  to  regular  waves  ars  known. 


SPECTRAL  DENSITY  FUNCTION 

In  spectral  analysis,  ths  average  energy  over  the  wavelength  and  par  unit 
area  of  the  sea  surface  can  be  computed  as  a sum  of  ths  kinetic  energy  of 
orbital  motion  and  potential  energy  of  water  level  change  [19].  The  dis- 
tribution of  energy  over  the  wave  frequency  Sh(w)  can  be  computed.  Thla 
distribution  Is  called  the  wave  spectral  density  function,  the  wave 
energy  spectrum,  or  simply  the  wave  spectrum.  Basically,  a single  har- 
monic surface  wave  Is  characterised  by  lte  height  h and  length  l. 

The  real  sea  consists  of  waves  having  a wide  spectrum  of  wavelengths 
or  frequencies.  To  help  visualise  this  kind  of  wsve,  harmonic  waves  of 
amplitude  h.,  frequency  1%  (or  corresponding  length  In) , and  phase  engle 
c„  for  n-1,  2...N  can  be  considered.  If  the  H discrete  frequencies 
ars  uniformly  spaced  at  Intervals  Aw  over  a range  w,  < w < Uk,  the  result- 
ing wave  height  will  be  periodic,  with  a period  equal  to  2w/£w,  and  will 
possess  a mean  aquare  value  equal  to  one  half  the  sum  of  the  squares  of 


fox 


SHOCK  ANO  HHHAUON  COMPI/TEH  MIX, HA  MS 


Che  Individual  amplitudes  hj}/2,  which  la  the  computed  component  of  the 
epectra. 

The  wave  spectrum  la  used  In  stochastic  analysis  to  compute  the 
structural  response  spectrum.  The  wave  spectrum  proposed  by  Pierson 
and  Moskowltz  (20)  was  recommended  by  the  International  Ship  Structures 
Congress  and  by  the  International  Towing  Tank  Conference  and  la  fre- 
quently used  for  computing  structural  response.  The  Plereon-Moskowltz 
spectrum  la  given  by 


Sjj(w) 


(9) 


where  g Is  the  acceleration  due  to  gravity;  o la  the  circular  wave  fre- 
quency; w la  the  wind  spaed  (64  feat  above  the  sea  surface);  and  a and  B 
are  constants  (for  the  North  Sea,  a - 0.0081,  8 « 0.74  My  be 
representative) . 

Some  sure  details  on  the  application  of  spectral  density  function 
are  In  a paragraph  "Stochastic  Analysis.” 

Recent  results  of  the  research  on  the  growth  mechanism  of  a wind- 
wave  field,  combined  with  actual  wave  measurements  of  extreme  sea  states 
In  the  North  Sea,  show  that  the  Plerson-Moskowltz-type  spectrum  may  not 
always  be  adequate  for  the  description  of  extreme  and  operational  sea 
states.  A more  sharply  peaked  wave  spectrum  Is  proposed  In  [21].  The 
Importance  of  the  spectral  shape  of  a wave  field  for  structural  behavior 
la  considered  In  this  paper. 


SOIL-STRUCTURE  INTERACTION 

Soil  properties  strongly  affect  tha  response  of  fixed-base  offshore  struc- 
tures. Modeling  of  a pile  by  short-beam  elements  and  modeling  of  the  soil 
by  springs  are  both  cumbersoM  procedures. 

In  the  choice  of  a computer  program  for  analysis,  preference  should 
be  given  to  prograM  that  allow  simpler  pile  modeling,  computed  as  a sub- 
structure or  equivalent  beam  spring.  An  Iterative  solution  In  the  appli- 
cation of  otharwlse  linear  analysis  nay  be  necessary.  Special  provisions 
for  soil-structure  interaction  are  In  McDonnell's  STRUDL  and  In  MARCS. 

Both  are  programs  for  the  analysis  of  flxed-baae  offsho-i  structures. 

Soma  useful  reMrka  regarding  the  soil-pile  Interaction  My  be  found  In 
[22.  23]. 


EQUATIONS  OF  MOTION 


Linear  Analysis 

Finite  elsMnt  analysis  Is  norMlly  used  In  the  solution  of  the  response 
of  complex  structures . Linear  analysis  Is  In  Mny  casee  applicable.  To 
reduce  transient  analysis  of  offahora  structures  to  linear  analysis,  the 
drag  forces  axprasalon  In  Eq.  (2)  must  be  simplified.  When  this  is  done, 
the  equations  of  motion  can  be  expressed  as 


Myii  ♦ Cu  + Ku  ■ P(v,v) 


(10) 


where  My  Is  the  virtual  mss;  C Is  the  structural  and  viscous  damping; 

K Is  the  linear  stiffness  Mtrlx;  P Is  the  load  vector;  u,  u,  and  ii  are 
the  structural  dleplaceMnt,  velocity,  and  Acceleration,  respectively; 
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and  v and  v ara  the  fluid  velocity  and  acceleration.  Equation  (10)  con- 
forma  to  the  uaual  finite  element  analyala  fundamental  ayatem.  However, 
the  following  dltferencea  ahould  be  noted: 

1.  Virtual  me a a la  composed  of  the  atructural  lumped  maaa  and 
added  maaa  (see  Eq.  (3)).  Haas  momenta  of  Inertia  may  have  to  be 
Included. 

2.  The  damping  coefficient  C la  higher  than  uaual  becauae  of  fluid- 
structure  Interaction  (vlacoua  damping) . A total  damping  of  22  has  been 
considered  by  Maddox  [ 24 } . 

3.  Because  loading  vector  P varies  in  time  (generally  Independently 
from  joint  to  joint),  voluminous  data,  representing  hydrodynamic  and  hydro- 
static forces,  ara  generated. 

A.  The  stiffness  matrix  can  be  full  or  reduced  depending  on  whether 
rotational  degrees  of  freedom  ara  considered  In  the  analyala  or  whether 
another  reduction  of  the  dynamic  system  la  provided.  As  a rule,  an  exten- 
sive reduction  of  the  degrees  of  freedom  with  a consistent  approach  in  the 
reduction  of  all  matrices  la  used. 

In  the  computation  of  the  virtual  maaa,  the  difference  between  the 
component  tangential  to  the  member  and  the  component  normal  to  the  member 
la  seldom  considered.  The  proper  consideration  of  the  added  mass  will 
lead  to  a nondiagonal  mass  matrix.  In  tha  computation  of  added  mass,  the 
changes  In  submerged  parts  and  in  air  structural  parts  may  have  to  be  con- 
aldated.  Mean  water  level  may  usually  be  taken  aa  the  limit  for  the  com- 
putation of  virtual  maaa.  Maaa  moments  of  Inertia,  computed  for  a reduced 
system,  have  been  used  by  Penxian  (25].  Equation  (10)  can  be  solved  by  a 
general  finite  element  analyala  program  such  aa  SAP,  STRUDL,  STARDYNE,  etc., 
but  handling  of  the  data  (both  input  and  output)  la  Impractical  unless  both 
a preprocessor  and  a postprocessor  exist.  The  efficiency  of  the  transient 
analysis,  which  aolves  the  atructural  response  due  to  the  high  number  of 
forcing  functions,  Is  very  Important.*  For  more  details  on  linear  transient 
analysis  and  general  purpose  computer  programs,  see  [26]. 

Integrated  programs  for  linear  time  history  analysis  of  offshore 
structures  (WAVE-FORCE  and  STRUDL,  MARCS)  were  recently  Introduced  Into 
service  bureaus.  Even  though  the  equations  for  ths  computation  of  virtual 
mass,  drag  forces,  and  buoyant  forces  seem  simple,  they  require  complex 
structural  geometry  and  transformation  matrices  generally  involved  In  the 
asaembly  of  stiffness  element  matrices.  The  same  Input  of  geometrlcel  data 
and  the  transfer  of  the  computed  velues  In  the  formats  applicable  In  general 
purpose  programs  are  necessary.  The  lntegreted  programs  have  an  advantage 
In  that  the  transfer  of  the  data  Is  transparent  to  the  user.  However,  In- 
tegrated programs  are  probably  available  only  to  large  engineering  com- 
panion or  offices.  Existing  programs  are  reviewed  In  Appendix  I. 


Nonlinear  Analysis 

Nonllnearltles  In  tha  equations  of  motion  nay  be  caused  by  three  things: 

1.  Nonlinear  fluid-structure  Interaction 

2.  Large  displacements  and  small  or  large  strains 

3.  Nonlinear  elastic  or  elastoplastlc  properties 

Nonlinear  fluid  structure  interaction  Is  peculiar  to  offshore  struc- 
tures analysis.  When  viscous  forces  are  predominant,  that  Is,  where 
Morrison's  equation  (Eq.  (2))  In  Its  full  nonlinear  expression  should  be 
considered  for  the  computation  of  hydrodynamic  forces,  an  Incremental 
formulation  and  Iterative  solution  are  usually  used.  When  nonconservative 
hydrodynamic  forces  are  predominant,  the  updated  Lagrsnglan  equation  of 
motion  Is  preferred.  The  nonlinear  aquation  of  motion  (linearised  with 
respect  to  the  time  Increment  dt)  can  be  expressed  In  a fora 


no 
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\ t+dtii  + CD(t+dtv  - t+dti)|t+dtv  - t+dti|  + Ct+dti 

+ Xdu  + !KNLdu  - t+dtp  ' lT  (11) 


where  tMv  la  the  virtual  maaa  at  time  t;  Cq  la  the  drag  coefficient;  C la 
tha  atructural  and  vlacoua  damping;  £Kl  la  the  linear  atraln  incremental 
atlffneaa  matrix  baaad  on  tha  atraln  computed  at  time  t and  the  configura- 
tion at  time  t;  £Knl  la  tha  nonlinear  atraln  Incremental  atlffneaa  matrix 
baaad  on  tha  atraln  computed  at  tlma  t and  the  configuration  at  time  t; 
t+dtp  are  the  loada  (other  than  forcea  due  to  added  lnertlel  and  drag 
effact)  at  time  t+dt ; Ef  are  Internal  forcaa  at  time  t in  the  configuration 
at  time  t;  t+^£u,  t+at£  are  acceleration  and  velocity  of  the  atructure,  du 
la  tha  Increment  of  the  dleplacemant  and  ara  the  acceleration 

and  velocity  of  the  fluid  at  time  t+dt.  The  total  dleplacemant  at  time 
t+dt  la  given  by  the  eum  of  the  dieplacement  cu  at  time  t and  the  increment 


t+dtu  a ^u  + du 


(12) 


Equation  (11)  la  tha  modified  form  of  the  aquation  of  notion  given  by 
Bathe  [27].  In  thia  equation,  the  effecte  of  hydrodynamic  forcaa  ara  taken 
Into  account  and  the  drag  coefficient  generally  dapanda  on  time,  but  thla 
time  dependence  la  aeldom  conaldared. 

At  preaant,  hydrodynamic  nonllnearltlaa  are  conaldared  In  tha  daelgn 
of  atructuraa  undergoing  large  motion  and  ahould  uaually  ba  Included  In  tha 
analyala  of  eanlaubnaralble  plat forma  and  their  conponante,  auch  aa  riaara 
and  flovllnee,  pipellnea,  and  moor  Inga.  Tha  computation  of  atructural  die- 
placament  can  ba  Included  In  almpllfled  fora  If  the  atructure  la  regarded 
aa  a rigid  body.  Thla  motion  and  the  hydrodynamic  forcea  It  cauaae  can  ba 
deacrlbed  by  Itaratlva  proceduree,  e.g.,  WAVE-LOAD  [44],  If  rigid  body 
motion  la  conaldared,  the  atraln  energy  change  doea  not  contribute  In  the 
variational  aquatlona  and  the  reeultlng  aquation  can  be  written  In  the  form 


t+dlu  + C„(t+dt;  - t+dti)|t+dtv 


t+dt. 


il 


. t+dt  • 

+ C u 


t+dt. 


(13) 


The  meaning  of  the  varlablea  la  the  a erne  aa  In  Eq.  (11).  In  practice,  the 
ayatem  of  alx  aquatlona  for  elx  degreea  of  fraedom  la  aolvad  In  time. 
Maaaea,  maaa  momenta  of  Inertia,  and  reeultlng  forcaa  from  the  drag  compo- 
nent! are  all  reduced  to  tha  center  of  gravity  of  the  platform.  By  Iterat- 
ing on  Eq.  (13),  the  forcea  on  Individual  membart  can  be  calculated  to  any 
dealred  accuracy.  Finally,  the  atreaaea  In  atructural  membera  of  tha  plat- 
form can  be  aolvad,  ualng  general  atructural  analyala  programa.  The  aqua- 
tion* In  the  above  fora  were  prevented  by  Paulllng  In  [2]. 

Urge  dieplacement  nonllnearltlaa,  including  atraln  enargy  contribu- 
tion, mu  at  be  conaldered  In  flexible  atructurea.  Becauae  of  the  greatly 
lncraaaed  volume  of  computation,  only  alaple  taaka  are  uaually  aolvad. 
Geonetrlcal  nonllnearltlaa  ahould  be  conaldered  In  the  analyala  of  pipe- 
laying, riaara,  and  flovllnee,  and  In  computation  of  the  reeponae  of  moor- 
luge  and  underwater  cable  atructurea.  Special  programa  are  uaually  em- 
ployed for  theaa  taaka. 

There  la,  In  the  public  domain,  probably  no  general  purpoee  or  inte- 
grated program  for  eolutlon  of  underwater,  flexible  compoelte  typea  of 
atructurea.  For  elnpler  typea  of  atructurea,  finite  difference  eolutlone 
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rather  than  tha  finite  element  method  are  being  used.  Burke  (28)  haa  de- 
rived the  follovlng  differential  equation  of  motion  of  riser  and  similar 
baelcally  vertical  beam-type  components: 


where  the  dot  Indicates  a partial  derivative  with  respect  to  time  and 
the  Roman  numerals  denote  partial  derivatives  with  respect  to  the  depth 
In  the  ocean;  E and  I are  aodulua  of  elasticity  and  moment  of  inertia, 
respectively;  T Is  tensile  force  In  the  riser  (variable  with  the  depth) 
and  q la  the  buoyant  weight  of  the  submerged  riser  or  the  weight  of  the 
riser  In  air.  Other  variables  have  the  same  meaning  as  before.  Particu- 
lar boundary  conditions  are  needed  to  complete  the  formulation.  Tha 
application  of  the  finite  difference  method  for  solution  seems  to  be 
straightforward  and  la  therefore  often  used;  however  the  variability  of 
the  boundary  condltlona  may  be  limited,  or  at  least  cumbersome. 

Material  nonlinear  analysis  la  not  usual  In  the  practical  design  of 
offshore  structures,  but  two  contributions  should  be  mentioned.  Selna 
(29],  In  1971,  In  an  analysis  of  a structure,  described  the  reduction  of 
stiffness  due  to  yielding.  Steel  bilinear  hysteric  material  was  consid- 
ered. Even  though  the  local  yielding  of  Joints  with  regard  to  shakedown 
may  be  of  reasonable  Importance,  not  much  has  been  done  In  that  field 
yet.  Recently  Raul  and  Pent ten  [30]  used  stochastic  analysis  to  compute 
the  yielding  of  offahora  structures.  In  this  study,  linearised  equations 
that  Incorporated  probability  relations  were  employed. 

It  should  be  noted  that  these  new  developments  are  generally  not 
publicly  accessible,  because  complex  programs  are  needed  and  verifica- 
tion of  these  programs  may  require  considerable  effort  before  a program 
is  applicable  In  design.  Verification  of  the  results  of  computation  is 
limited  by  the  lack  of  experimental  data  or  closed-forms  solutions  (or 
similar  computations). 

As  a special  problem,  equations  of  motion  for  cable  systems  may  be 
considered.  The  structural  elements  are  unstable,  unless  loaded  for  a 
certain  configuration.  Material  nonlinearity  and  large  strains  might  be 
Important . 


SOLUTION  TECHNIQUES 


Deterministic 

Equations  of  motion  as  presented  in  the  previous  paragraph  must  be  solved 
in  the  time  domain,  and  approprists  numerical  methods  must  be  used. 

It  is  obvious  that  relatively  slow  motion  is  Induced  by  the  waves. 
Tha  stability  of  the  solution  is  rslatod  to  the  frequencies  of  the  struc- 
ture. Unless  special  provision  is  made  (a.g.,  flltsrlng  out  high  fre- 
quencies by  damping,  or  using  model  analysis  where  applicable),  many 
time-integration  steps  may  be  required  In  tha  solution  of  tha  response. 
Modal  analysis  is  preferable  to  time  history  analysis  in  solving  linear 
systems  of  aquations  because  it  allows  otherwise  dependent  equations  to 
be  decoupled.  If  a linearised  system  of  equations  is  considered,  tha  re- 
sponse of  the  structure  can  be  expressed  as  • 


u « by 


(15) 


where  4 are  node  shapes  derived  from  hoawganaous  equations  of  motion. 
Prom  tha  orthogonality  conditions,  aquation 
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v + C y + K y - P (16) 

c«n  be  obtained,  using  generalized  matrices 

a T 

Mv  - *V 

K*  - *TK*  - wV 

c*  - $TC* 

P*  - *T(ChV  + Cpv)  (17) 


Modal  analysis  aay  ba  thought  of  aa  a puraly  mathematical  axarclae  for 
determining  orthogonal  functions  and  generalized  coordlnataa  that  trans- 
form systeas  of  coupled  ordinary  dlf ferential  equations  Into  Independent 
equatlona  that  can  be  solved  by  tha  Duhamel  Integral. 

Note  that  Eq.  (17)  Includes  hydrodynaalc  forces  only.  In  linear 
analysis,  superposition  can  be  used  and  the  reeponae  to  various  loadings 
can  be  superposed.  In  nonlinear  analysis,  iterative  methods  are  used  to 
solve  equations  linearised  with  regard  to  the  tlae  step.  An  equilibrium 
or  energy  balance  check  aay  be  an  important  feature  of  a program  for  non- 
linear response  analysis. 

In  deterministic  analysis,  tha  maximum  magnitudes  of  displacements  and 
stresses  that  occurred  during  a given  tlae  Interval  are  conalderad  and 
evaluated.  Because  the  allowable  etraaaas  can  vary  with  tha  slenderness 
ratio,  amount  of  reversible  etrees  ratio,  etc.,  comparison  of  maximum 
values  may  be  a tedious  task.  It  must  be  remembered  that  the  directions 
of  wave  approach,  operating  conditions,  and  drilling  conditions  all  must 
be  considered.  Postprocessing  of  the  results  of  the  response  analysis 
may  therefore  be  a valuable  feature  of  an  integrated  computer  program. 

Changes  In  the  Nstlonal  Codes  applicable  to  stress  analysis  can  pose 
soma  problems.  The  updating  of  the  program  may  not  be  fast  enough  to  re- 
flect those  code  changes. 

Linear  analysis  allows  simple  superposition.  In  nonlinear  analysis 
If  the  nonllnearltles  are  not  of  major  Importance,  superposition  Is  etlll 
used.  This  stay  be  thought  of  as  a process  of  linearisation,  analogous  to 
developing  a Fourier  aeries  and  considering  the  first  term  only. 

Deterministic  analysis  la  at  present  a standard  approach  of  evaluat- 
ing structural  design.  Tha  following  codes  are  applicable:  API  [31], 

AISC  (32),  ACI  (33),  AWS  (34) . For  further  details  on  design,  see  also 
[33].  A review  of  deterministic  analysis  is  given  in  Fig.  1. 


1 


Stochastic 

In  the  analysis  of  offshore  structures,  etochastlc  analysis  Is  generally 
preferred  to  deterministic  analysis  whenever  the  wave  effects  are 
predominant . 

The  main  reason  lies  In  the  difficulty  of  composing  s rssllstlc 
wave  train.  The  random  process  describing  the  ocean  waves  can.be  assumed 
stationary  over  a short  period  of  time.  When  linearised,  tha  dynamic 
wave  forces  have  sero-mean  and  Gaussian  characteristics.  Known  statis- 
tical methods  can  therefore  be  used  to  evaluate  the  distribution  of  tha 
response  function  and  the  probability  of  occurrence  of  the  MXlaun  peaks. 
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where  R la  tha  tranafar  function.  By  dafinltlon,  tha  tranafar  functlona 
ata  amplitude  quantltlaa  of  tha  dynaalc  deflection*  or  atraaaaa  of  tha 
glvan  luaipad  aaaa  modal,  excited  by  unit  aaplltuda  vava  forcaa. 

Wava  apactrua  computation  and  lta  application  In  atochaatic  analyala 
ara  baaad  on  tha  following! 

1.  A Gauaalan  phaaa  ralatlonahlp 

2.  A contlnuoua  apactrua  of  wavaa  that  Bay  ha  auparlapoaad  llnaarly 

3.  A atatlonary  and  argodlc  procaaa 

With  tha  wava  apactrua  and  tha  raaponaa  apactrua  darlvad  froa  tha 
wava  apactrua,  tha  atatlatlcal  propartlaa  of  tha  raaponaa  can  ba  obtalnad. 
In  particular.  If  tha  phanoaanon  la  daacrlbad  by  tha  Gauaalan  dlatrlbutlon, 
tha  avaraga  valua  of  tha  raaponaa  will  ba  glvan  by 


R - C & 


(19) 


whara  g}  la  tha  varlanca  or  araa  undar  tha  apactrua.  Valuaa  of  tha  coafft- 
clant  C have  been  glvan  by  Cartwright  and  Longuet-Hlgglna  [38].  It  la  a 
property  of  dlatrlbutlona  that  procaaaaa  llnaarly  related  to  Gauaalan  pro- 
caaaaa  ara  theaaalvaa  Gauaalan.  Tha  varlanca  0|  of  tha  raaponaa  la  aqual 
to 


o 


2 

R 


SK(u)du 


(20) 


Tha  atochaatic  evaluation  of  tha  hydrodynanlc  forcaa  can  ba  alnply  de- 
acrlbed  aa  followa: 

1.  Find  the  wave  praaauraa  (loada)  of  ragular  wavaa  of  unit  halght 
for  a number  of  different  fraquenclea.  Tha  loada  met  ba  determined  for 
different  anglaa  between  tha  etructure  and  tha  direction  of  tha  wavaa. 
Wavaa  that  will  raault  In  a given  wave  danelty  apactrua  ahould  ba  uaed. 

2.  Tranafar  functlona  ara  found  In  principle  by  aolvlng  tha  raaponaa 
of  tha  atructura  to  tha  loada  a pacified  In  1.  Tha  aaplltudee  of  tha  re- 
aponaa  (dlaplacaaent,  atraaa,  velocity,  ate.)  plotted  In  the  frequency  do- 
main ara  tha  tranafar  functlona.  Whan  tha  linear  euparpoaltlon  property 
la  uaad,  tha  raaponaa  apactrua  la  obtained  aa  a product  of  wava  apactrua 
and  a quadratic  of  tha  tranafar  function. 

Tha  paraaatar  deecrlblng  tha  atatlatlcal  dlatrlbutlon  of  tha  aapll- 
tudea  of  the  raaponaa  la  directly  ralatad  to  tha  araa  undar  tha  raaponaa 
apactrua  curve.  Aa  tha  wava  apactrua  la  daacrlbad  by  paraaetare  ralatad 
to  obaerved  wave  etatletlce  and  tha  raaponaa  apactrua  la  directly  ralatad 
to  tha  wava  apactrua,  atatlatlcal  long-term  predlctlona  of  tha  raaponaa 
can  ba  performed. 

Whan  tha  atraaaaa  ara  computed,  the  atandard  deviation  of  tha  atraaaaa 
Sg  from  tha  naan  laval  can  ba  calculated.  Tha  Rayleigh  dlatrlbutlon 


Kst) 


(21) 


whara  F(8g)  la  tha  probability  level,  can  ba  found  ualng  gq.  (21).  In 
particular,  tha  moat  probable  largeet  atraaa  during  a time  t can  ba 
found  from 
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SR  max  - yfla\  ln(t/T)  (22) 

where  T 1»  the  average  period  of  the  reeponee.  Stochaatlc  methoda  have 
an  advantage  In  a complex  evaluation  of  environmental  forcaa,  fatigue, 
corroalon,  etc.;  however,  they  are  applicable  only  If  they  can  be  com- 
bined with  long-term  experience.  The  etocheetlc  evaluation  la  uaad 
mainly  In  Europe,  where  It  la  frequently  required  by  law.  Tha  proceea 
of  evaluation  la  ahown  In  Fig.  2. 
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flic  can  be  used  whan  larfa  submerged  atructuraa  art  analyzed,  in  which 
caae  a variable  nud  line  level  aay  be  considered  with  regard  to  acourlng 
It  can  be  concluded  fr on  present  calculations  that  large  structure* 
In  a depth  of  300  feet  or  mors  should  be  provided  with  scour  protection 
whenever  the  seabed  consists  of  fine  sand  [39].  Offshore  structures 
locsted  where  significant  steady  currants  are  encountered  can  be  excited 
In  the  fundamental  or  higher  modes.  Oscillations  In  the  flow  directions 
can  be  excited  In  velocities  that  are  one-quarter  the  velocity  of  those 
currents  required  for  cross-flow  excitation  [40]. 


Buoyancy 

In  the  analysis  of  floating  structures  where  a considerable  change  of  the 
total  moment  of  buoyant  forces  can  occur  bacauae  of  the  rocking  motion 
of  the  structure,  buoyancy  forces  rsqulre  special  attention. 


Wind 

Wind  preaeure  force  la  frequently  computed  according  to  API  standards 


fw  - 1/2  C^A  (23) 

where  CD  la  the  wind  drag  coefficient,  p Is  the  air  density,  W Is  the 
wind  spaed,  and  A„  la  the  projected  area.  For  hurricanes , special  for- 
mulas may  have  to  be  considered. 


Ice 

Ice  load  la  usually  specified  by  the  thickness  of  the  Ice  and  by  the  Ice- 
breaking force.  The  Interaction  of  the  structure  with  the  sea  Ice  causes 
cracking  of  the  Ice  sheets.  The  effect  of  cracks  on  the  strength  proper- 
ties of  sea  Ice  was  Investlgstsd  by  Hohaghagh  [41],  who  has  developed  ex- 
pressions for  the  fracture  strength  of  sea  ice.  Thickness,  velocity  of 
Ice  flow,  temperature,  shape  of  the  structure,  and  other  variables  affect 
the  force  of  the  Impact  of  let  sheets  on  the  structure  [42],  Sometimes 
formations  of  les  on  the  structure  can  considerably  Increase  grsvlty 
loads. 


Collision 

Fenders  and  dolphins  are  built  to  einlalia  the  collision  effects  between  a 
ship  and  a structure.  For  collision  design,  the  equation  of  motion  accord- 
ing to  Cummins  which  employs  Impulse  response  functions.  Is  desirable. 

Data  on  these  functions  are  presented  In  [43], 


Other  Loads 

Gravity  loads  of  the  structure  and  equipment  must  be  considered  during 
construction  and  operational  states.  Drilling  and  production  live  loads 
must  be  specified  according  to  purpose  and  service  requirements.  In 
higher  seismic  son**,  the  earthquake  motions  may  be  required.  Dstsll 
specifications  of  loads  must  precede  the  structural  analysis. 
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TYPE  OF  STRUCTURES  , 

The  computational  procedure  and  applicable  computer  program(a)  for  the 
solution  of  structures  depend  mainly  on  the  assumptions  made  for  modeling 
the  physical  situation.  Aa  a rule,  the  relative  rigidity  of  the  struc- 
tural parts  allows  the  overall  structure  to  be  broken  into  smaller  units 
for  the  purpose  of  snalyais.  For  example,  flexible  parts  (a.g.,  risers 
and  moorings)  and  the  rigid  portion  of  the  sanlsubmarelble  rig  are  usually 
analysed  separately.  Detail  stress  concentrations  in  tubular  joints  are 
handled  by  the  dlacretlsed  shell  element  model  with  boundary  conditions 
obtained  from  analysis  of  the  overall  structure. 


Fixed-Base  Platforms 

Flxed-baae  platforms  up  to  500  feet  in  height  are  usually  analysed  by 
quasistatic  methods  that  neglect  inertial  forcas.  The  frequency  of  these 
platforms  is  high  compared  with  the  frequency  of  the  waves,  and  the  damp- 
ing effect  of  the  water  la  aufficlant  to  exclude  the  possibility  of  vibra- 
tion that  is  Induced  by  reguler  waves.  For  these  pletforms,  programs  such 
as  MARCS  and  STARDYNE  can  ba  used.  For  structures  over  500  feet,  linear 
or  nonlinear  dynamic  (time  history)  analysis  la  preferred,  end  programs 
such  aa  HAVE-LOAD  + STRUDL  [44],  MARCS  [45],  and  WAVE  + SAP  [46]  are  appli- 
cable. The  fundamental  period  of  a three-dimensional  truss-type  offshore 
structure  constructed  in  1000  feet  of  water  is  predicted  to  range  from  7 to 
9 seconds  depending  on  the  amount  of  taper.  (The  taper  is  designed  to  min- 
imize wave  action.)  The  damping  force  due  to  the  drag  term  in  the  wave 
force  equation  la  not  great  enough  to  prevent  large  amplitudes  if  waves 
with  periods  matching  the  perloda  of  the  structure  occur  in  a regular 
wave  train. 

Flxdd-base  platforms  are  sometimes  subject  to  long  oceanic  tripe 
from  the  assembly  site  to  the  construction  site.  The  intermediate  posi- 
tion requires  careful  consideration  to  account  for  towing  conditions  and 
erection.  Programs  for  simulation  of  the  upright lng  process  of  an 
assembled  platform  from  a horizontal  position  to  a vertical  position  have 
been  written.  They  are  FLAP  [47]  and  OPUS  [48].  A program  readily 
available  through  a service  bureau  is  LAUNCH  [45] , which  is  actually  a 
part  of  the  MARCS  system. 

Uprlghting  of  large  rigs  (400  feet  tall,  7000  tons,  and  $14  million) 
demands  special  attention  to  the  uprlghting  procedure.  Obviously  the  up- 
rlghtlng  conditions  must  be  an  important  prrt  of  the  offnhora  structure 
analysis  package. 


Semi submersible  Rig 


Sealsubmerslble  rigs  respond  with  relatively  large  notions  to  the  action 
of  the  waves.  The  motion  increases  with  the  Increased  wave  height  only 
up  to  a certain  limit.  The  rapid  fall  of  the  transfer  functions  starts 
at  frequencies  that  correspond  to  a wavelength  greater  than  about  twice 
the  overall  dimensions  of  the  rig  in  the  direction  of  the  waves.  A 
aealsubmaralble  should  be  able  to  withstand  soma  minimum  amount  of  flood- 
ing without  sinking  or  capslsing. 

The  description  of  the  behavior  of  floating  platforms  is  usually  based 
on  the  eeaumptlon  that  the  platform  moves  as  a rigid  body  described  by  six 
degrees  of  freedom.  Hydrodynamic  forces  must  be  synthesised,  restraint 
forces  due  to  mooring  must  be  computed,  and  stability  must  be  evaluated. 

I Programs  for  evaluating  motions  of  samlsubmerslble  rigs  ere  often  based  on 
a stochastic  approach.  Examples  of  such  programs  are  HAVE-LOAD  + STRUDL 
end  the  Esso  Production  computer  programs.  These  are  described  in  [49], 

For  reference,  see  also  [50]. 


I 


118 


SHOCK  AND  VIBRATION  COMPUTER  PROGRAMS 


Submerged  Structure* 

Since  the  wav*  vlecoue  effect  for  larga-alzad  etructuree  cen  be  neglected, 
the  fluid  etructure  Interaction  ie  ilapllf led  and  conventional  linear 
analyele  program*  can  be  uaed.  The  analyala  of  storage  tanka  that  float 
and  thoee  that  etand  on  the  *eabed , either  fully  eubmerged  or  penetrat- 
ing the  aea  eurfece,  are  dlecueeed  In  [6].  No  epeclal-purpoae  program* 

In  the  public  domain  were  found  for  reference. 


Rleer 

in  addition  to  Its  own  weight,  the  applied  tanelon,  an.'  the  hydrodynamic 
forcea  of  wave  and  current,  the  rleer  muet  alao  reeiat  atreaaa*  reaultlng 
from  lateral  dleplaceaenta  due  to  rig  offeet.  Nonlinear,  large  dlaplace- 
ment  analyele  muet  be  applied.  Calculation*  of  random  reaponaes  have  been 
given  by  Tucker  and  Murtha  [SI]. 

In  thla  paper,  the  relatlonehlp  between  reeponea  apectra  and  Input 
apectra  are  developed  through  a eerie*  of  Intermediate  atepe  each  of 
which  la  either  linear  or  linearized  eo  that  the  random  rleer  reaponaa 
variable*  are  alao  Gauaalan.  Wav*  apectra  may  be  preaently  aatlafactory 
tor  wave  forecaatlng  but  not  for  rlaer  reaponaa.  It  haa  been  demonatrated 
that  different  epactra  lead  to  greatly  different  reaponeee.  The  rlaer  le 
vary  aenaltlva  to  the  apectr.il  denalty  dlatrlbutlon,  and  the  nonllnaarl- 
tlea  In  computation  are  of  primary  Importance.  Therefore,  at  preaent, 
the  time  hlatory  determlnletlc  analyala  eeema  to  be  a better  approach. 

The  Input  motion  of  the  eemlaubmeralbl*  rig  muet  be  computed  for  the  rlaer. 

Thla  computation  for  the  rlaer  la  uaually  dona  by  apaciallced  pro- 
gram*. Bechtel  (52]  and  Exxon  Raaearch  Corporation  (RISDYK,  DYNRUN)  have 
compared  the  rlaer  computatlona  and  have  had  very  good  agreement.  The 
above  program*  are  proprietary,  and  no  publicly  available  program*  are 
known  to  axlat. 

During  critical  environmental  condition*,  the  rleer  may  be  dlaen- 
gaged  and  pulled  onto  the  rig,  reaultlng  In  a pendulum  type  of  motion. 

For  computation  of  thla  mod*  of  the  rlaer,  a epaclal  program  waa  devel- 
oped at  Bechtel  [S3]. 


Pipeline 

A apeclal  program  to  analyze  the  dynamic  reaponae  of.  an  offehore  pipe- 
line waa  written  at  Eeao  Production  Raaearch  Company  [54].  The  differ- 
ential equation  of  motion  waa  axpreaaed  In  finite  difference  form  and 
the  Crank-Nlcholeon  time-averaging  technique  waa  uaed  for  Integration. 
Bilinear  eprlnga  are  Included  to  represent  the  plpe-atlnger  interface. 
Dynamic  motion*  are  Induced  In  the  pip*  and  atlnger  by  epeclfylng  the 
barge  motion*  a*  a function  of  time.  Experimental  data  for  the  pitch, 
roll,  and  heave  of  the  barge  during  6-  to  8-foot  aea*  were  uaed.  The 
program  reaulta  were  compared  with  a elmpla  cloaed-f orm  analytic  aolu- 
tlon  of  a beam  reaponaa. 

In  deep  vatar  and  for  larga-dlamatar  pipe,  tana  Ion  and  atingere 
are  required  to  control  pipelaying  ttraaaaa  and  poaalbl*  buckling  fail- 
ure. Sometime*  a beam  element  atlffnaea  la  uaed,  together  with  an  itera- 
tive equilibrium  gueaa  of  the  deflected  pipe.  The  atepwlaa  computation 
ahould  Include  fluid  drag  forcea  which  are  proportional  to  the  aquare  of 
the  relative  velocity. 

Engineering  Technology  Analyata,  Inc.,  of  fare  computational  capa- 
bility ualng  a finite-element  program  called  PIPKLAT,  which  can  eolve 
two-  or  three-dlmenalonal  nonlinear  problem*  (S3).  Brief  reference* 
concerning  the  type*  of  load*  to  be  conalderad  In  aubmarlne  pipeline 
can  be  found  In  [36]. 
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Cables  and  Mooring 

Submerged  moorings  and  cable  structures  require  special  analysis  becauaa 
of  thalr  negligible  rigidity  in  bending.  Since  equilibrium  for  these 
structures  la  possible  only  for  certsln  deflected  shapes,  computations 
starting  from  an  assumed  Initial  shapa  ara  generally  unatabla.  Choo  and 
Casarslla  have  described  methods  for  the  dynamic  analysis  of  cables  (57]. 
A finite  element  analysis  program  for  submerged  cables  was  developed  at 
Sechtel  (58].  , 


Joints 

The  entire  structure  Is  analyzed  as  a space  frame  to  obtain  the  Internal 
joint  reactions.  These  reactions  are  used  to  compute  the  detail  stress 
distribution  in  Joints  by  smana  of  tha  chin-shell  finite  element  theory. 

In  the  finite  element  method,  an  automatic  sash  generation  schema  la 
desirable  for  the  Intersection  of  tubular  members.  Since  the  finite 
element  that  Is  based  on  the  third-order  polynomial  (Pascal  triangle) 
say  be  overstlff,  the  calculated  moment  stress  concentration  la  usually 
higher  than  tha  moment  stress  calculetion  measured  In  experiments.  Some 
details  on  stress  analysis  are  referred  to  in  [59,60].  Vlssar  (61]  refers 
to  tha  SATE  computer  program,  which  Is  used  for  analysis  of  tubular  Joints. 
Lockheed  Structural  Analysis  Services  has  Illustrated  the  computation  of 
stress  concentrations  In  (62].  Tha  early  analysis  of  stress  concentration 
In  joints  was  baaed  on  the  properties  of  Fourier  series,  and  various  pro- 
grams, based  on  (63,64],  for  tha  analysis  of  T-jolnts,  T-jolnts,  and  K- 
Jolnta  wars  developed.  Background  data  for  Tubular  Joints  Design  Rules  in 
Aawrlcan  Codes  were  reviewed  In  terms  of  static  ultimate  strength  and  fa- 
tigue by  Marshall  In  (65].  A finite  element  analysis  program  for  tubular 
joints  was  reported  In  1969  by  Gresta  [66].  Experimental  studies  related 
to  joints  were  described  In  (67]. 


SURVEY  OF  PROGRAMS 

Only  programs  with  specific  capabilities  developed  for  offshore  structures 
analysis  ars  listed  hers.  Many  programs  are  proprietary,  and  aoms  pro- 
grama  nay  have  baan  omitted  for  lack  of  Information.  Information  about 
these  programs  was  obtained  from  published  papers,  user's  manuals,  and  tha 
response  from  tha  technical  public  to  a questionnaire.  This  questionnaire 
has  baan  mailed  to  many  offshore  structures  contractors  engaged  In  design, 
and  to  other  consulting  firms  selected  from  the  Directory  [68].  The 
authors  are  aware  that  tha  list  Is  Incomplete  and  apologise  to  developers 
for  any  failure  to  Include  a particular  program.  A summary  of  the  programs 
Is  found  In  Appendix  I. 
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APPENDIX  I 
COMPUTER  PROGRAMS 


WAVE-LOAD  [44] 

Capability:  Fixed-base  offshore  structure,  semisubmarslble  platforms 

Method:  Rigid  body  motion  (6  degrees  of  freedom),  Morrison's  equation, 

Stokes  and  Airy  wave  theories,  Pierson-Moskovltz  spectral  analysla, 
soil-pile  Interaction  (STRUDL),  Integration  and  Iterative  force 
evaluation  within  WAVE-LOADS,  finite  element  analysis 
Limitation:  Basically  linear-elastic  analysis;  transient  analysla  of 

structures  with  more  than  300  Joints  Is  generally  not  recommended, 
but  the  capability  exists 
Interacting  Program:  STRUDL 

Postprocessing:  Preliminary  API  code  check 

Affiliation:  McDonnell  Douglas  Automation  Company 

Box  516 

St,  Louis,  Missouri  63166 
Availability:  Engineering/consulting  firm 


MARCS  [45] 


Capability:  Flxed-baae  offshore  structures 

Method:  Stokes  wave  theory;  coupled  pile-soil  Interaction  (STRAN) ; 

time  history  analysis  under  future  development;  deterministic, 
finite  element,  linear  analysis 
Limitation:  Limited  choice  In  wave  representation 

Interacting  Program:  STRAN 

Affiliation:  Synercom  Technology,  Inc. 

6300  Hillcroft,  Suite  303 
Houston,  Texas  77036 
Availability:  Purchase  or  license 


WAVE-SAP  [46,  72] 


Capability:  Fixed-base  structures 

Method:  Linear  tlsw  history  analysis,  slsxilatlon  of  soil-pile  (special 

program),  solution  feasible  for  large  number  of  dsgrses  of  freedom, 
finite  element  analysis 
Limitation:  Linear  analysis  only 

Interacting  Program:  SAP  1.9 

Postprocessing:  Stress  evaluation 

Affiliation:  Bechtel  International  Corporation 

350  Mission  Street 
San  Francisco,  California  94105 
Availability:  Proprietary 


[24] 


Capability:  Flxed-baae  platforms 

Method:  Nonlinear  time  history  analysis;  modified  Airy  wavs  theory; 
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Morrison's  equation;  atreai  cycles  for  fatigue  evaluation  are 
counted;  dlfferencea  In  added  aaaa  In  tangential  and  normal 
direction!  are  conaldered;  deterministic,  finite  element  analyaia 
Affiliation:  Eeao  Production  Research 

P.0.  Box  2189 
Houston,  Texas  77001 
Availability:  Proprietary 


D1SMAR/CARG0N  [71J 

Capability:  Floating  platforms,  fixed-base  platforms 

Method:  Time  history  analysis,  substructure  analysis,  evaluates  non- 

linear equations  of  motion,  stochastic  evaluation  of  final  results 
can  be  produced,  finite  element  analysis 
Limitations:  Basically  linear  structural  analyaia 

Interacting  Program:  NASTRAN 

Affiliation:  Teconomare  S.p.A. , Italy 

AvsiicMltty:  Proprietary 


MOSAS  [69] 

Capability:  Semisubecralble  and  floating  structures 

Method:  Rigid  body  notion  (6  degrees  of  freedom),  Morrison's  equation 

(linearized),  Froude-Krilov  force,  linear  wave  theory 
Limitation:  ISO  joints,  160  BMS&ers 

Interacting  Program:  STRUDL 

Postprocessing:  Statistical  evaluation  (stress  transfer  functions  for 

certain  members) 

Affiliation:  Shell,  Rotterdam,  Netherlands 

Availability:  Proprietary 


174) 

Capability:  Floating  Platforms 

Method:  Froude-Krilov  forces  are  used  with  linearized  viscous  forces; 

rigid  body  motion  for  6 degrees  of  freedom  for  the  semlsubnerslble 
rig;  Plerson-Moakowltz  spectra  and  stochastic  analysis.  Including 
flooding  stability  evaluation,  are  performed 
Limitation:  Llnerlzed  equations 

Postprocessing:  Fatigue  evaluation 

Affiliation:  Esso  Production  Rasearch  Co. 

P.0.  Box  2189 
Houston,  Texas  77001 
Availability:  Proprietary 


Mobile  Offshore  Units  (70) 

Capability:  Semlsubacrslbls  platform 

Method:  Rigid  body  motion  (6  degress  of  frsedom) , several  wsvs  spectra 

are  available,  stress  transfer  functions,  finite  element  analysis 
Limitation:  In  statistical  evaluation,  nonlinear  drag  forces  are  neglected 

Interacting  Program:  STRUDL 
Postprocessing:  Stress  concentration  In  joints 
CosaMnt:  Miner  Law  Is  fatigue  criterion 
Affiliation:  Bureau  Veritas  (Classification  Society) 

Oslo,  Norway 
Availability:  Proprietary 
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LAUNCH  [73) 

Capability:  Fixed-base  offshore  structures 

Method:  Launching,  lifting,  and  flooding  Included 

Limitation:  Interactive  static  analysis 

Affiliation:  Synercoa  Technology,  Inc. 

6300  Hlllcrof t , Suite  303 
Houston,  Texas  77036 
Availability:  Purchase  or  license 


OPUS  [48] 

Capability:  Offshore  platfora  upending  ilSRilatlon 

Interacting  Prograa:  IBM  System/360  tlmeshore  software 

Affiliation:  Earl  & Wright 

637  Howard  Street 
San  Francisco,  CA.  94105 
Availability:  Consulting  basis 


Riser  Dynamics  [32,  S3] 

Capability:  Nonlinear  dynamic  analysis  of  riser 

Method:  Based  on  finite  difference  method  and  Morrison's  equation; 

Airy,  Stokes,  or  cnoidal  wave  theories  are  used;  time  history 
analysis  for  large  horizontal  displacement  and  various  boundary 
conditions  is  available 
Limitation:  TWo-diaanslonal  analysis 

Postprocessing:  Comparative  studies  of  response  due  to  various  wave 

parameters  and  riser  pretensioning 
Affiliation:  Bechtel  International  Corporation 

330  Mission  Street 
San  Francisco,  CA.  94105 


ETA/PIPLAY  [55) 

Capability:  Finite  element  nonlinear  (geometric)  analysis  for  three- 

dlmenslonsl  pipe  laying  operations 
Method:  Stokes  V wave  theory  used 

Limitation:  Maximum  of  100  joints 

Affiliation:  Engineering  Technology  Analysts,  Inc. 

4140  Southwest  Freeway 
Houston,  Texas  77027 
Availability:  Consulting  basis 


NLIN  (58) 


Capability:  Submerged  cable  structures 

Method:  Nonlinear  static  and  dynamic  finite  element  analysis,  uses 

three-dimensional  general  model,  curved  cable  element,  towing  and 
deployment  of  cable  system  for  time  history  analysis 
Limitation:  Hydrodynamic  analysis  of  current-induced  forces  only 

Affiliation:  Bechtel  International  Corporation 

350  Mission  Street 
Ssn  Francisco,  CA.  94103 
Availability:  Proprietary 
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WAVMAS/ SPACE  III  [75] 

Capability:  Finite  element  method  for  beam  and  ahell  elementa 

Method:  Wave  forces  based  on  Stokes  V theory 

Limitation:  Maximum  of  500  jolnta  to  represent  structure 

Interacting  Program:  SPACE  III 

Postprocessing:  Plotting  of  structural  geometry  is  available 

Affiliation:  ODECO 

1600  Canal  Street 
Mew  Orleans,  Louisiana  70161 
Availability:  Proprietary 


P5] 

Capability:  Beam  and  shell  finite  element  analysis 

Method:  Dynamic  capability  for  atudylng  barge  or  ship  notion,  stochastic 

approach  used 

Interacting  Program:  HAS  TRAN  la  the  main  program;  SCORES  used  for 

ship  motion 

Postprocessing:  Plotting  of  structure  geometry  Is  available 

Affiliation:  J.  J.  Henry  Co. 

West  Park  Drive 
Moorestovn,  New  Jersey  08057 
Availability:  Consulting  basis  or  service  bureau 


Semlsubnersible  Mooring  Motions 
Capability:  Semlsubnersible  rig  and  mooring  lines 

Method:  Nonlinear  finite  element  analysis;  Stokes  and  non-Stokes  wave 

theories  used;  the  dynamic  portion  is  based  on  harmonic  analysis 
Limitation:  Maximum  of  1500  joints 

Postprocessing:  Plotting  of  structure  and  resultant  forces  and  moments 

Affiliation:  Ocean  Oil  International  Engineering 

3019  Mercedes  Boulevard 
New  Orleans,  Louisiana  70116 

Availability:  Consulting  basis  (contact  Hector  Pesos  of  above) 


(78] 

Capability:  Fixed-base  structures 

Method:  Dynamic  finite  element,  a feature  for  analysing  stress  concen- 

tration at  joints,  Stokes  V wave  theory  used 
Interacting  Program:  STRUDL 

Poatproceaslng:  Checks  for  compliance  with  AISC  and  API  code 

Affiliation:  De  Long  Corp,  Hersent  Offshore,  Inc. 

24  Broadway 

New  York,  New  York  10006 
Availability:  Proprietary 


(77J 

Capability:  Program  uses  pipe  (curved  beam)  element  to  model  the  structure 

Method:  Based  on  finite  difference  method  and  Airy  wave  theory, 

deterministic  or  atochastlc  solution  of  dynamic  problem  for  both 
soli  structure  and  wave-structure  Interaction 
Limitation:  Maximum  of  500  jolnta  to  describe  the  structure 

Affiliation:  Clemaon  University, 
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Civil  Engineering  Department 
Clemson,  South  Carolina  29631 
Availability:  University  program  available  to  public 


Capability:  Static  analysis  of  bean  and  pipe  elements 

Method:  Includes  AISC  code  check,  wave  theory  Includes  Airy  and  Stokes  V 

Limitation:  Maximum  of  100  joints  to  describe  the  structure 

Postprocessing:  Plotting  of  structure  geometry  is  available 

Affiliation:  Shell  Oil  Company 

P.0.  Box  2099 
Houston,  Texas  77001 
Availability:  Proprietary 

) 


Frames 


R.  R.  Craig,  Jr. 

C.  P.  Johnson 

Texas  Institute  for  Computational  Mechanics 
The  University  of  Texas  at  Justin 


INTRODUCTION 

Although  Boat,  If  not  all,  {antral  purpoaa  programa  having  tha  capability  of 
aolvlng  atructural  dynaalca  problaaa  poaaaaa  tha  capability  of  aolvlng  fraaa 
problem*,  tha  preaent  chaptar  la  raatrlctad  to  a dlacuatlon  of  program*  vhoaa 
primary  purpoaa  la  tha  aolutlon  of  dynamic  (and,  In  aoma  caaaa,  atatlc)  pro- 
blama  Involving  fraaa  atructuraa,  Undoubtadly  many  fraaa  analyala  programa 
exlat  which  wara  not  dlacovarad  In  tha  authora'  aaarch  for  prograaa.  Howavtr, 
tha  prograaa  which  art  daacrlbad  In  this  chaptar  do  aolva  a broad  ranga  of 
fraaa  atructural  dynaalca  problaaa. 

Tha  kay  lngradlant  In  all  fraaa  prograaa  la  tha  fraaa  alaaant,  a ona- 
dlaanalonal  alaaant  with  a lx  dtgraaa  of  fraadoa  at  aach  and.  Fraaa  alaaanta 
aay  ba  aaaaablad  to  fora  atructuraa  ranging  froa  continuous  baaaa  to  thraa- 
dlaanalonal  fraaa  atructuraa.  Soaa  prograaa  daacrlbad  haraln  paralt  atruc- 
turaa of  arbitrary  gaoaatry  to  ba  daacrlbad.  Savaral  prograaa  ara  raatrlctad 
to  apaclallzad  modal*  of  building  fraaaa.  Tha  type*  of  dynamic  bahavlor  rap- 
raaantad  arm:  elganvalua/alganvactor  extraction,  tranalant  raaponaa,  harmonic 

raaponaa,  and  aalaalc  (ahock  apactrua)  raaponaa.  Soaa  prograaa  ara  raatrlctad 
to  llnaarly-alaatlc  raaponaa  of  atructuraa,  whlla  othara  permit  notarial  and/ 
or  gaonetrlc  nonlinearity.  All  prograaa  ravlawad  ara  baaad  on  tha  finite  al- 
aaant dlaplacaaant  method. 


SOLUTION  PROCEDURES 


Equation*  of  Motion 

Tha  aquation*  of  notion  for  tha  atructura  aay  ba  written  in  tha  fora  [1] 

[M]  (Ax)  + (AF1)  - (AF*)  (1) 

whara  (AF*}  1*  tha  lncraaantal  load  vactor,  {AF1}  contain*  lncraaontal  inter- 
nal load*  Including  daaplng,  (As)  1*  tha  vactor  of  lncraaantal  dlaplacaaant*, 
[M]  la  tha  aaaa  matrix,  and  auparacrlpt  dot*  danota  tlna  darlvatlva*.  For 
llnaarly-alaatlc  atructura*  with  linear  vlacoua  damping  Eg.  (1)  bacon** 


[Ml (Si)  + tC] (*}  + [K]{xl  - (F*)  (2) 


where  [C]  la  tha  daaplng  matrix  and  [K]  la  the  atlffnaa*  matrix. 
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Static  Analyala 

Some  program*  which  traat  dynamic  analyala  of  frame  atructuras  alao  aaka  a 
provlalon  for  atatlc  analyala.  For  atatlc  analyala  of  llnaarly-alaatlc  atruc- 
turaa  the  aqulllbrlua  aquation 


tXKx)  - (F*) 


(3) 


la  aolvad.  In  moat  prograaa  an  attempt  haa  been  made  to  make  the  equation 
eolver  for  Eq.  (3)  ea  efficient  aa  poaalble  by  taking  advantage  of  the  eyn- 
aetry  and  bandedneaa  of  [K] . Static  analyala  of  atructuree  exhibiting  non- 
linear reaponae  (geometric  or  material)  la  performad  by  employing  Incremental 
loading  together  with  the  tangent  etiffnaea  matrix  aa  Indicated  by 


(K^]  (Ax)  - (AF*)  (4) 

i 

An  Iterative  eolutlon  la  required  for  Eq.  (4)  alnce  the  [K_]  computed  at  con- 
figuration (x)  + (Ax)  will  generally  not  be  the  aame  aa  the  (K_)  computed  at 
configuration  (x)  and  uaed  In  Eq.  (4).  Thia  la  llluetrated  byTthe  one- 
dlmenalonal  load-deflection  curve  below 


Fig.  1 Nonlinear  load-deflection  curve 
Dynamic  Analyala 

The  typee  of  dynamic  analyala  available  la  the  frame  programa  deacrlbed  In 
thla  chapter  Include:  algenvalue/elgenvector  extraction  (modea  and  frequen- 

clea) , tranalent  reaponae,  harmonic  reaponae,  and  aelemlc  (ahock  apactrvm) 
reaponae. 


Modea  and  Frequenclea 

The  eigenvalue  problem  for  llnearly-elaatle  atructuree  may  be  written 

[KH«  - *»2[K]{X)  - (0)  (5) 


where  w la  the  circular  natural  frequency  of  free  vibration  and  (X)  la  the 
mode  ahape  vector.  If  the  atructura  la  reatralned  aucb  that  no  rigid-body 
motion  la  allowed,  the  valuaa  of  u will  all  be  poeltlve.  There  will  be  a 
value  of  u • 0 correapondlng  to  each  rigid  body  mode  preaent. 
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Three  type*  of  methods  ar*  currently  uaad  In  atructural  dynamic*  *oft- 
ware  [1]:  (1)  matrix  tranaformatlon  mthod*,  e.g.  Houaaholdcr'a  mathod  or 

Jacobi'*  mathod;  (2)  vactor  Iteration;  and  (3)  determinant  March  (uaually 
with  Sturm  aaquancc  chack*).  Th*  Hou**holdar  mathod,  which  tranaforma  a 
matrix  to  tridiagonal  form,  may  b*  followed  by  th*  QR  algorithm  which  compute* 
eigenvalue*  of  the  trldlagonal  matrix  and  by  Inverie  Iteration  to  determine 
the  eigenvector*.  The  Jacobi  method  tranaforma  a matrix  to  diagonal  form 
and,  at  the  *am*  time,  produce*  the  eigenvector*.  Since  matrix  tranaforma- 
tlon method*  auch  a*  th*  Houaeholder  method  and  Jacobl'a  mathod  produce  *11 
eigenvalue*  at  on*  time,  they  ar*  not  generally  employed  for  lerg*  problem*. 
Vector  Iteration  and  determinant  March,  on  the  other  hand,  permit  determina- 
tion of  a aub-aat  of  th*  total  number  of  eigenvalue*  and  algenvactora  of  the 
■yatsm.  In  tha*e  latter  method*  It  1*  alao  poaalbl*  to  tak*  advantage  of 
th*  bandedn***  of  th*  original  matrlce*. 


Transient  Analyaia 

Problem*  claialf led  aa  tranalant  analyaia  problema  ar*  thoae  governed  by 
Eq.  (1),  where  {AF*}  le  a vector  containing  (pacified  function*  of  time,  and 
where  Initial  conditlona  are  apeclfled.  The  case  where  component*  of  {AF*} 
are  harmonic  functlona  of  time  will  be  treated  aeparately  below  ae  will  th* 
caa*  where  the  excitation  la  preicrlbed  by  ahock  ipactra. 

For  linear  tranalant  raapona*  problem*,  governed  by  Eq.  (2),  either  of 
two  method*  for  dealing  vlth  the  time  dependent  nature  of  the  problem  may  be 
employed:  (1)  mod*  auperpoiltlon,  or  (2)  direct  integration.  In  mode  aupar- 

poeltlon  th*  normal  mode*  are  u**d  to  uncouple  th*  equation*  of  motion.  Damp- 
ing 1*  uaually  defined  in  auch  a manner  that  the  damping  matrix  1*  alao  diag- 
onal when  traneformed  to  nodal  coordinate*.  For  vlacoua  damping,  the  result- 
ing equation*  hav*  th*  form 


*J  + 2Vj4j  + “J  *J  “ pj(t)  (6) 

where  z.(t)  1*  the  time-dependent  amplitude  of  th*  jth  normal  mode,  Cj  1*  the 
damping^ factor,  u,  le  the  circular  natural  frequency,  and  p.  la  the  forcing 
function.  In  th*  program*  reviewed  here,  th*  forcing  function*  ar*  aaaumed 
to  be  plecawlea  linear.  Tha  uaa  of  plecewla*  linear  forcing  functlona,  pj(t). 
In  Eq.  (6)  permit*  a closed-form  solution  of  this  equation  to  be  used.  On 
th*  other  hand,  Eq.  (6)  can  also  be  solved  by  step-by-at*p  numerical  integra- 
tion. 

The  direct  Integration  mathod  Involves  a atep-by-stap  numerical  Integra- 
tion of  tha  original  coupled  equation*  of  motion,  e.g.  Eq.  (2).  If  wave 
propagation  effects  are  Important,  l.e.  If  tha  high-frequency  mode*  of  the 
ayatem  contribute  significantly  to  th*  response,  direct  Integration  should 
be  uead.  Otherwise,  mod*-sup*rpo*ltlon  Is  more  desirable  since  modee  having 
frequencies  above  a stated  cut-off  frequency  can  ba  eliminated.  Of  tha 
linear  analysis  program*  reviewed  In  this  chapter,  only  two  employ  direct 
integration  of  th*  original  coupled  equation*. 

Direct  Integration  of  th*  coupled  equation*  of  motion  hae  been  used  In 
th*  programs  which  treat  nonlinear  transient  response.  Integration  la  per- 
formed by  assuming  a fora  for  the  acceleration  during  a time  step  of  length  At. 
Th*  method  based  on  linear  variation  of  acceleration  with  respect  to  time  1* 
known  to  be  unstable  In  the  presence  of  vibration  mod**  with  periods  exceed- 
ing approximately  one  third  of  th*  time  step.  Belytschko  [1]  note*  that  th* 
us*  of  a conditionally  stable  method,  such  an  the  linear  acceleration  method, 
on  elastlc-plaatlc  problems  could  load  to  an  uudatseted  "arrested  Instability." 
Th*  constant  avaraga  acceleration  mathod  Is  stable  for  all  values  of  At  and 
produces  results  of  acceptable  accuracy  If  At  Is  short  In  comparison  vlth  th* 
periods  of  dominant  modes  present  In  th*  response. 
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The  solution  of  a nonlinear  transient  reeponse  problem  la  almllar  in 
aotae  respects  to  a nonlinear  static  analysis  in  that  an  lncramental  solution 
is  employed.  For  example,  Eq.  (1)  may  be  written 

(M]{aii)  + [Cj]  {Ax}  + [K^]  {Ax}  - {AF®}  (7) 


where  [Kj]  la  the  tangent  atlffnesa  matrix  ind  [CT]  Is  a so-called  tangent 
damping  matrix.  The  tangent  atlffnesa  matrix  muat  account  for  material  non- 
linearity and  geometric  nonlinearity.  The  latter  la  sometimes  referred  to  as 
the  "P-A  effect."  As  In  a nonlinear  atatlc  analysis.  It  la  necessary  to  eval- 
uate member  forcea  at  the  end  of  a time  step  (load  Increment)  and  apply  cor- 
rective forces  if  (dynamic)  equilibrium  Is  not  satisfied  due  to  changes  that 
have  taken  place  In  [K^]  and  [Cj]  over  the  time  step. 


Harmonic  Analysis 

For  linear  behavior  of  structures  subject  to  harmonic  excitation  It  la  useful 
to  have  available  the  closed  form  solution  of  Eq.  (6),  consisting  of  the 
steady-state  solution  and  the  starting  transient  solution.  Several  programs 
reviewed  hare  provide  this  capability. 


Seismic  Analysis;  Shock  Spectrum 

The  analysis  of  the  response  jf  a structure  to  earthquake  notion  nny  either 
be  deterministic  or  non-deten  'nlatlc.  A deterministic  analysis  may  be  car- 
ried out  using  the  transient  ...lalytis  capability  of  a program  If  the  time  his- 
tory of  the  Input  la  known.  Alternatively,  Information  regarding  approxima- 
tions to  the  peak  response  can  be  determined  using  the  shock  spactrum  method 
[3],  If, .for  a given  axcitatlon  p. (t)  E4.  (6)  Is  integrated  to  determine  the 
velocity  ij(t),  the  result  will  depend  on  the  value  of  the  damping  factor  Cj 
and  the  natural  frequency  aij  (or  the  period  TO.  The  spectral  velocity  Is 
defined  as  the  maximum  value  of  ij  (t) , l.e. 

SV(C,T)  5 max  (s(C,T;t))  (8) 

Since  the  spectral  velocity  gives  the  maximum  velocity  response  of  a given 
mode  due  to  a given  Input  function,  It  Is  necessary  to  combine  the  effects  of 
all  participating  modes  in  order  to  determine  the  total  response.  Since  the 
shock  spectrum  doe*  not  contain  phase  Information,  the  contributions  of  vari- 
ous modes  to  the  total  rasponse  can  only  be  combined  In  an  approximate  manner. 
Two  such  methods  are;  (1)  root-mean-square,  and  (2)  sum  of  absolute  values. 


Spaclal  Solution  Procedures 

Although  most  prof. sms  reviewed  are  restricted  to  solving  particular  problems 
for  frame  structures,  one  program  [2]  la  designed  primarily  for  teaching  con- 
cepts of  matrix  structural  anaJ.ysla  and  structural  dynamics.  It  Includes 
commands  for  executing  all  of  i.be  standard  matrix  operations,  e.g.  load, 
print,  add,  multiply,  Invert,  partition,  etc.  In  addition.  It  has  conands 
for  generating  element  matrices,  assembling  system  matrices  by  tha  direct 
stiffnass  method,  solving  lor  element  stresses,  determining  transient  response, 
and  other  structural  mechanics  oriented  commands. 
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MODELING 

As  statsd  previously,  the  key  Ingredient  In  all  frame  analysis  programs  la 
the  fraae  element.  Several  programs  allov  arbitrary  configurations  of  struc- 
tures to  ba  assembled  from  frame  elements;  others  treat  specialized  models 
of  building  frames.  The  latter  type  will  ba  described  flrat,  and  than  there 
will  be  mention  of  the  various  elements  available. 


Special  Building  Models 

Several  of  the  programs  reviewed  deal  with  special  models  for  multi-story 
building  frames.  In  each  of  these  the  principal  assumption  Is  that  each  floor 
level  may  be  assumed  to  be  rigid  In  Its  own  plana.  Thus,  In  thoee  programs 
dealing  with  three-dimensional  frames , the  rigid-body  degrees  of  freedom  of 
each  floor  consist  of  two  tranalatlonsl  components  plus  a rotation  about  the 
vertical.  In  some  plane  frame  programs  the  assumption  of  floors  rigid  In 
thalr  own  plana  may  also  be  enforced. 

Weaver  and  his  colleagues  have  developed  computer  programs  bsstd  on  the 
"tier  building"  model  (4,5,6].  This  Is  described  as  follows  [6]: 

The  tier  building  model  is  s specialized  case  of  the  general 
problem  of  rigid  bodies  elastically  connected  by  structural 
space  framing.  The  model  consists  of  floor  and  roof  dia- 
phragms that  are  rigid  In  thalr  own  planes,  flexible  normal 
to  their  planea,  and  are  Interconnected  by  structural  framing 
and  shear  walls.  The  framing  spans  betwesn  Joints  which  are 
arranged  In  a three-dimensional  grid-work  pattern  oriented 
parallel  to  a sat  of  three  orthogonal  reference  axes.  Columns 
and  shear  walls  are  vertical  and  parallel  to  the  z reference 
axis,  whereas  beams  framing  into  the  columns  and  shear  walls 
are  parallel  to  the  x and  y reference  axes.  Shear  wall  con- 
figurations must  conform  to  the  grid-work  pattern  and  may  run 
only  between  Joints.  Bracing  must  either  11a  In  planes  parallel 
to  the  x.z  plane  or  the  y,t  plane  and  must  span  between  adjacent 
floors  and  between  adjacent  grid  lines. 

An  alternative  modal,  not  restricted  to  rectangular  geometry,  la  employed 
In  [7].  This  model  is  baaed  on  a substructure  concept,  wherein  beams,  columns 
and  shear  walla  are  assembled  to  form  a plane  frame.  The  plana  frames  are 
then  connected  together  by  rigid  floor  diaphragms  to  form  the  three-dimensional 
structure. 


Element  Properties 


Stiffness  Matrix  (Linear)  of  Frame  Element 

The  straight  frame  element  of  uniform  cross  section  is  described  In  [8]  and 
In  other  stsndard  references  on  matrix  structural  analysis  or  finite  element 
analysle.  Shear  deformation  Is  allowed  In  some  cases.  For  three-dimensional 
frameworks  there  are  six  degrees  of  freedom  (d.o.f.)  at  each  node  (end). 
Special  casas  such  as  the  plana  frame  element  (three  d.o.f.),  space  truas 
(thraa  d.o.f.),  plane  truss  (two  d.o.f.)  and  beam  (two  d.o.f.)  are  available 
as  separate  elements  in  some  programs.  Tapered  elements  and  curved  elements 
are  available  In  other  programs. 
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Geo** trie  Stlffn***  Matrix  of  Fraaa  Element 

For  larg*  displacements  Involved  In  an  analysis  of  poat-buckllng  or  of  lnslas- 
tlc  bahavlori  tha  geometric  atlffnaaa  matrix  [8}  may  ba  uaad  to  account  for 
tha  affact  of  tha  axial  forca  on  tha  lataral  displacements,  tha  "P-A  affact" 
referred  to  earlier. 


Special  Element* 

In  eooe  atructurea  tha  nature  of  tha  Joint*  makes  It  dealrable  to  have  avail- 
able procedure*  for  handling  finite-dimension  Joint*,  partial  fixity  at  joints 
or  ralaaaa*  at  Joint*.  Tha  f lnita-dlaanalon  Joint  la  traatad  by  attaching 
■hort  rigid  link*  to  tha  and*  of  tha  uaual  fraaa  element*.  Partial  fixity 
la  traatad  by  uaa  of  local  aprlng*. 

One  program  (8]  provldaa  a tvantyfour  d.o.f.  rectangular  prlaa  element 
for  modeling  the  aoll  near  a building  and  a rigid  block  with  alx  dagraa*  of 
freedom  for  modeling  a aaaalva  foundation. 


Maas  Metric** 

Some  of  the  program*  reviewed  Include  conalatant  aasa  aatrlcea  for  tha  frame 
elements  [8] , while  others  saploy  either  a lumped  mass  model  or  the  model  of 
elastically-connected  rigid  bodies.  The  lattar  Is  employed  In  the  special 
building  fraaa  programs  which  modal  tha  floor  and  root  slabs  as  bodies  which 
are  rigid  In  their  own  plana.  Than  the  inertia  properties  of  the  slab  , to- 
gether with  any  beam  or  column  mass  Included,  are  determined  using  two  com- 
ponents of  translation  of  the  mass  center  In  the  plane  of  the  slab  and  a ro- 
tation about  the  normal  to  the  slab. 


D taping 

Most  of  the  programs  reviewed  permit  viscous  daaplng  to  be  Incorporated  In 
some  manner,  either  by  assuming  a daaplng  matrix  of  the  fora 


(C)  - e[Mj  + BW 


(9) 


or  by  specifying  daaplng  factors  Cl.  to  be  used  In  Eq.  (6).  The  former  vlll 
be  referred  to  as  proportional  daaplng,  the  latter  as  nodal  damping.  Another 
fora  of  daaplng,  not  widely  available  la  the  fraae  progreas  reviewed,  Is 
called  structural  damping.  In  this  case,  tha  daaplng  is  assumed  to  be  propor- 
tional to  the  elastic  force,  but  180  degrees  out  of  phase  with  the  velocity. 


IHTUT/OUTPUT 

One  feature  that  potentially  distinguishes  a fraaa  analysis  program  from  a 
general  purpose  computer  prograa  Is  the  I/O  format.  For  exaaple,  tbs  special 
purpose  prograaa  for  buildings  have  features  for  Input  and  output  of  data 
relative  to  stories  and  beys.  In  most  cases  the  Input  format  is  closely  re- 
lated to  a mora-or-less  standard  finite  element  prograa  input,  l.e.  nodal 
data,  material  data,  elaasat  data,  connectivities,  boundary  conditions,  loads, 
etc. 

All  of  the  programs  reviewed,  with  the  exception  of  threshers  essentially 
batch  programs  with  specified  Input  formats.  Two  programs  (2,9]  sre  designed 
for  convenient  Interactive,  or  remote  terminal,  execution.  Both  have  free- 
fleld  Input  format  with  data  fields  being  separated  by  comnws.  Both  programs 
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can  alto  ba  axccuted  In  a "raaota  batch"  or  batch  aoda,  l.a.  If  tha  problem 
la  large  tha  Input  data  can  ba  aubalttad  froa  a tlaa-ahara  taralnal  but  tha 
job  la  than  executed  In  the  noraal  batch  aoda.  Free-fleld  input  ia  alao 
esployad  in  tha  prograa  of  [10] . 

Tha  output  of  Boat  prograaa  conalata  of  printer  output  of  tlae  hlatorlaa 
of  dlaplaceaente  of  floora  or  node  polnta,  tlaa  hletory  of  Internal  forces 
or  aaxlaua  valuaa  of  Internal  forcaa,  and  node  ahapaa.  Several  prograaa  par- 
alt  plotting  of  aoda  ahapaa,  tlaa  hlatorlaa  of  apaclfled  dlaplaceaente,  and/or 
noaent  and  ahaar  dlagraaa. 


PROGRAM  SUWARIES 

In  tha  prograa  euaaarlaa  which  follow  and  In  Tabla  1 tha  authora  have  attempt- 
ed to  preeant  an  accurate  deacrlptlon  of  tha  prograaa  reviewed.  Tha  Informa- 
tion preeented  waa  obtained  froa  a queatlonnalra  filled  out  by  aoat  prograa 
developera  and  froa  prograa  docuaantatlon,  whan  eupplled.  It  la  tha  authora' 
hope  that  no  groaa  aiarapreaentatlona  appear  In  tha  prograa  euaaarlaa  which 
follow. 


Structurea  and  Matrix  Interpretive  Syataa  (SMIS74)  [2] 

Data:  July  1974. 

Capability:  Standard  matrix  operationa  (load,  add.  Invert,  ate.);  apaclal 

atructural  aechanlca  commando  to  formulate  element  atlffneaa  and  aaaa 
aatrlcae,  aaaaabla  ayatem  aatrlcaa  by  direct  atlffneaa  method,  and 
aolve  tranalant  raaponaa  problem. 

Mathoda:  Elganaolver  - QR  method  with  lnvaree  Iteration  for  elgenvactora; 

tranalant  raaponaa  - linear  acceleration  atap-by-atap  aolutlon  of  modal 
aquatlona. 

Llaltatlona  and  Raatrlctlona:  Matrlcaa  are  atorad  In  a a Ingle  vector  whoaa 

alia  la  eat  at  time  of  axecutlon;  auxiliary  matrix  atorage  on  two  ex- 
ternal file*;  algenaolutlon  raatrlctad  to  80  d.o.f. 

Documentation:  Uaara'  Manual  and  PrograsMra ' Guide  contain*  complete  dea- 

crlptlon of  all  oparatlona  (l.a.  matrix  operation*  and  apaclal  atructural 
analyala  oparatlona)  Including  Input  format*;  a ample  atatlc  analyala 
and  dynaalc  analyala. 

Input:  Fraa-flald,  with  data  field*  aaparatad  by  comma*.  Operation  coda  word 

(a.g.  LOAD),  matrix  name*,  and  numerical  data  (a.g.  matrix  alia)  are 
Input.  Prograa  can  b*  operated  Interactively,  l.e.  one  "card"  at  a tlaa, 
or  aa  a batch  job. 

Output:  Matrix  PRINT  can  ba  uaed  to  output  any  aatrlx,  e.g.  atatlc  displace- 
ment, modal  aatrlx,  ate.  Member  forcee  In  a atatlc  analyala  are  output 
by  tha  FORCE  cowand . Crude  line  printer  plot  of  vector*  available. 

Language:  FORTRAN  IV,  apaclal  ayatem  call*  aaaoclatad  with  allocation  of 

matrix  atoraga  at  tlaa  of  exacutlon. 

Hardware:  CDC  6600,  36K  octal  word*  plue  aatrlx  atoraga 

Davalopera:  Eric  8.  Backer  and  Roy  R.  Craig,  Jr., 

Taxaa  Inatltut*  for  Computational  Mechanic*,  and 

Dept,  of  Aeroapace  Engineering  and  Engineering  Mechanic*, 

The  Unlveralty  of  Taxaa  at  Auatln 

Availability:  8200,  purchase  from 
Dr.  Roy  R.  Craig,  Jr. 

Texas  Inatltut*  for  Computational  Mechanics 
The  Dnlveralty  of  Texas  at  Auatln 
Auatln,  Texas  78712 

Consent* i Thoroughly  documented.  Designed  especially  a*  an  instructional 
tool  for  teaching  introductory  aatrlx  structural  analysis  and  atructural 
dynamics  courses.  Convenient  frae-flsld  Input  format  and  interactive 
execution  permit  atep-by-stap  aolutlon  of  problems.  Including  Interactive 
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design  problems.  Batch  solution  esn  bs  employed  for  large  problems  If 
desired.  Modularity  of  program  permits  relatively  easy  addition  of  fur- 
ther opsrstlons  If  desired . 


Inelsstlc  Analysis  of  Tier  Buildings  (1NELASTIER)  [4] 

Dste:  May  1972. 

Capability:  Static  and  transient  response  of  plane  frames  or  of  rectangular 

buildings  using  tier  building  model;  inelastic  behavior  of  members. 

Methods:  Incremental  loading,  linear  acceleration  method  for  transient  re- 

sponse . 

Limitations  and  Restrictions:  Standsrd  program  - Max.  10  stories,  5 bays  In 

both  x and  y directions,  20  joints  per  floor. 

Documentation:  Author's  Ph.D.  dissertation  available  as  a technical  report 

[2]  Including  theory,  input  data  formats,  examples,  listing,  and  sample 
output. 

Input:  Fixed  format,  data  input  organised  according  to  stories  and  bays. 

Output:  Floor  displacements,  member  end  actions,  Joint  displacements ; max- 

imum values  or  values  at  each  load  stsp. 

Language:  FORTRAN  IV  (H) 

Hardware:  IBM  360/67,  S00K  bytes. 

Developer:  James  L.  Bockholt, 

Department  of  Civil  Engineering 
Stanford  University 

(Prof.  William  W.  Weaver,  Jr.,  supervising  profassor) 

Availability:  $240,  purchase  from 

William  Weaver,  Jr.,  Prof.  Struct.  Engr. 

Department  of  Civil  Engineering 
Stanford  Unlveralty 
Stanford,  Calif.  9430S. 

Comments:  Documentation  appears  to  bs  especially  jood.  Complete  theory, 

examples  Including  run  times,  detailed  Input  format  daacrlptlons,  and 
programming  notas  should  make  program  usage  straightforward.  A related 
plane  frame  program,  INELAS2D,  Is  described  in  the  same  reference.  Cur- 
rent limitations  for  this  program  ere:  20  stories,  10  baye. 


Soil  - Foundation  - Structure  Interaction  During  Earthquake 
Excitations  (S0ILTIER)  (3) 

Date:  June  1971, 

Capability:  Analysis  of  modes  and  frequencies,  and  of  transient  response  of 
rectangular  buildings  using  the  tlsr  building  nodal  and  Including  affects 
of  the  soli  and  structural  foundation  on  transmission  of  specified  bed- 
rock accelerations  to  tha  building. 

Methods:  Finite  element  representation  of  frame  members  and  soil;  rigid-body 

representation  of  foundation  motion  and  in-plane  floor  awtlon;  modes  and 
frequencies;  etap-by-step  direct  Integration  for  transient  response. 

Limitations  and  Restrictions:  Standard  program  - Maximum  7 elements  In  x and 

y,  4 elements  In  s,  128  d.o.f.  In  rssponse  calculations,  SO  segment  forc- 
ing functions  In  x and  y directions. 

Documentation:  Author's  Ph.D.  dissertation  available  In  a technical  report  [5] 

Including  theory,  examples,  and  listing, 

Input:  Fixed-format.  Portions  of  the  stiffness  and  mass  matrices  of  the  tlsr 

building  are  generated  in  S0ILTIER,  Part  2.  These  matrices  are  then 
given  to  SOILTIER  as  Input  data. 

Output:  Time  histories  and  maximum  values  of  accelerations , velocities,  and 
displacements.  Maximum  story  shears. 

Language:  FORTRAN  IV  (H) 

Hardware : IBM  360/67 
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Developer:  Gregg  E.  Brandov 

Department  of  Civil  Engineering 
Stanford  University 

(Prof.  William  W.  Weaver,  Jr.,  supervising  professor) 
Availability:  $240,  purchaae  from 

William  Weaver,  Jr.,  Prof.  Structural  Engineering, 
Department  of  Civil  Engineering 
Stanford  University 
Stanford,  Calif.  94305 


Dynamics  of  Tier  Building  (DYNATIER)  [6] 

Dace:  June  1970 

Capability:  Nodes  and  frequencies,  and  response  of  structure  to  piecewise 

linear  forcing  for  rectangular  space  frames 

Methods:  Elgsnsolver  - Jacobi  method;  transient  response  - closed  form  solu- 

tion of  modal  equations  for  piecewise  linear  excitation;  tier  building 
modal. 

Limitations  and  Restrictions:  21  stories,  63  d.o.f.  par  floor 

Documentation:  Author's  thesis  for  Engineer  degree  available  as  a technical 
report  [6],  Including  brief  summary  of  theory,  input  data  formats,  listing, 
and  sample  problem.  Thesla  Includes  description  of  companion  static 
analysis  program,  STATIER. 

Input:  Fixed  format;  geometry  and  member  properties  related  to  stories  and 

bays. 

Output:  Natural  frequencies  and  mode  shapes,  displacement-time  histories,  mem- 

ber force-time  histories,  maximum  member  forces,  static  analysis.  Plota 
of  mode  shapes  and  displacement-time  histories. 

Language:  FORTRAN  IV  (H) 

Hardware:  IBM  360/67,  330K  bytee 

Developer:  Gragg  Everett  Brandow 

Dapt.  of  Civil  Engineering 
Stanford  Unlverlsty 

(Prof.  William  W,  Weaver,  Jr.,  supervising  professor) 

Availability:  $240,  purchase  from 

William  Weaver,  Jr.,  Prof.  Struct.  Engr. 

Dept,  of  Civil  Engineering 
Stanford  University 
Stanford,  Calif.  94305 

Comments:  Wall  documented.  Tier  building  model  may  result  In  a aubstantial 
reduction  of  the  number  of  degreaa  of  freedom  required  In  tha  elgen- 
solutlon. 


Three-Dimensional  Analysis  of  Building  Systems  (XTABS)  [7] 

Date:  February  1974 

Capability:  Linear  analysis  of  frame  and  shear  wall  buildings  subjected  to 

static  and  earthquake  loadings;  modes  and  frequencies;  nonaymmetrlc,  non- 
rectangular  buildings  that  have  frames  and  shear  walls  located  arbitrarily 
In  plan  can  be  considered. 

Methods:  Structure  Idealised  as  frasws  connected  to  floor  diaphragms  rigid  In 
their  own  planes;  special  elements  for  shear  panel  and  finite  joint; 
piecewise  linear  forcing  with  closed  form  integration  of  modal  equatlone; 
raaponaa  spectrum  analysis  with  r.m.e.  modal  combination  or  ausesatlon  of 
absoluts  values  of  modal  contributions. 

Limitations  and  Restrictions:  Dynamic  storage  allocation  for  major  arrays  In 

blank  common.  Documentation  has  formulae  for  computing  required  storage. 

Documentation:  Technical  report  describes  building  model  and  data  lmput 
formats;  listing;  sample  Input  and  output. 
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Input:  Fixed  formet;  story  and  frame  data;  frame,  colur  , and  ehear  panel 

data;  loading  data. 

Output:  For  complete  building  - atory  dleplacemanta  for  varloua  load  caeca, 

mode  ahapee  and  natural  parloda;  for  each  frame  - lateral  frame  dieplace- 
menta  for  each  load  caae,  member  forcaa,  atory  ahear  at  each  level  of 
frame  for  varloua  load  caeea. 

Language : FORTRAN  IV 

Hardvare:  CDC  6400,  IBM  370,  3SR  octal 

Developer*:  E.  L.  Wilaon  and  H.  H.  Dovey 

Earthquake  Engineering  Reaearch  Center 
Univeraity  of  Californle  at  Berkeley 

Availability:  $100  (aurface  mall)  $125  (air  mall) 

NISEE/  Computer  Application* 

Davla  Hall 

Univeraity  of  California 
Berkeley,  CA  94729 

(make  check*  payable  to:  The  Regenta  of  the  Univeraity  of 

California) 

Comment*:  Deacription  of  data  input  appear*  adequate.  Dlacuaelon  of  epeclal 
building  model  baaed  on  frame  aubetructure*  la  difficult  to  follow. 

Author*  comment  that  uae  of  the  program  la  "quaatlonable"  unleaa  the 
frame*  arc  arranged  In  a "reaaonably  rectangular  faahlon."  Author* 
provide  aoma  euggeatlon*  for  modeling  practical  atructurea. 

i 

Dynamic  Analyaia  of  General  Structure* 

(DAGS,  DAGSINE,  DACTRAN,  DAGSMIC)  (9] 

Date:  Jan.  1974  (DAGS),  Feb.  1975  (DAGS  Raaponaa  Program*). 

Capability:  Mode*  and  fraquenclaa,  tranalent  reaponae,  buckling,  raaponaa  to 
harmonic  excitation,  and  raaponaa  apectrum  of  general  frame  atructurea. 

Method*:  Elgenaolvar  - determinant  aearch  with  Sturm  aaquenca  check*;  tran- 

alent raaponaa  - doaed-form  solution  for  harmonic  or  piecewise  linear 
excitation. 

Limitation*  and  Restrictions:  300  d.o.f.  and  100  joints,  othar  restrictions 

specified  in  documentation 

Documentation:  User*'  Manuals  briefly  sumsMrlss  theory,  describe  elements 

and  program  options,  provide  Input  data  forms,  and  provide  numerous 
examples  Including  problem  set-up,  Input  data,  and  output. 

Input:  Free-fleld;  program  may  b*  run  Interactively  or  as  a batch  job;  Input 

data  sheet  forms  provided. 

Output:  Mod*  shapes  and  frequencies,  displacement  and  moment  time  histories, 
displacement  and  moment  rsaponss  spectra;  plots  of  deformed  structure, 
moment  and  shear  plots  by  member.  , 

Language:  FORTRAN  < 

Hardware:  Honeywell  400,  CDC  6000,  XDS  Sigma  9 

Developers:  Structural  Dynamic  Research  Corporation 

Availability:  Lease;  us*  on  national  time  share  vendors;  license  ("  purchase) 
for  DAGS  Is  $20,000.  Othar  prices  available  from  developer. 

Structural  Dynamics  Research  Corporation 
5729  Dragon  Hay 
Cincinnati,  Ohio  45227 

Comments:  These  appear  to  b*  high  quality  programs  for  production  type  usage. 
Documentation  and  form  of  input  are  especially  user  oriented.  SACS  Is 
a companion  stable  analysis  program. 


A Computer  Frogram  for  Plane  Frans  Analysis  (FFVIBAT)  [10] 

Data:  March  1974 

Capability:  Modes  and  frequencies  and  response  to  harmonic  excitation  for 
linearly  elastic  plane  frames. 

$ 
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Methods:  Elgtnsolvsr  - determinant  search. 

Limitations  and  Restrictions:  100  joints,  100  aeabers  as  currsntly  dimen- 

sioned. 

Documentetlon:  Technical  report  briefly  summarises  theory,  describes  Input 
foraats,  and  provides  examples.  Report  also  describes  hov  the  algan- 
solutlon  can  ba  used  for  the  solution  of  harmonic  loading,  transient 
loading,  and  random  loading  problems. 

Input:  Free-fleld  Input  consists  of  operation  cards  and  data  cards. 

Output:  For  each  natural  mode  of  the  forced  vibration  solution  the  following 

are  printed:  displacements  (mode  shape),  support  reactions,  member  end 
displacements,  and  member  and  forces.  Modal  masses  are  given.  Displace- 
ments and  bending  moments  In  forced  and  free  vibration  may  be  plotted. 
Language:  FORTRAN  IV 

Hardware:  IBM  360/$5  202K  bytes 

Developers:  Bengt  Akeseon  and  Harold  Tagnfors 
Division  of  Solid  Mechanics 
Chalmers  University  of  Technology 
Availability:  $200  for  punched-card  copy  of  source  program  from 
Division  of  Solid  Mechanics 
Chalmers  University  of  Technology 
Pack,  S— 02  20 
Goteborg,  Sweden 


Dynamic  Analysis  of  Linear  Frames  (DALF1)  and 
Dynesdc  Analysis  of  Nonlinear  Frames  (DANFi)  [11] 

Date:  August  1971 

Cepablllty:  static  response ; transient  response  of  linear  (DALF1)  and  geo- 

metrically nonlinear  (DANFI)  plans  frames. 

Methods:  Constant  average  acceleration;  geometric  nonlinearity  treated  by 
Incremental  solution  using  gaoswtrlc  stiffness  matrix;  fores  imbalance 
at  end  of  each  time  step  dua  to  nonlinearity  Is  applied  (with  minus  sign) 
at  beginning  of  succeeding  step. 

Limitations  and  Restrictions:  100  members,  75  nodss,  21  d.o.f.  bandwidth 

Documentation:  Developer's  M.S.  thesis  contains  very  thorough  description 
of  theory  underlying  the  program  and  prassnts  numerical  results  for  sev- 
eral example  problems.  Data  preparation  guide  available  separately. 

Input:  Joint  coordinates,  member  connectivities,  member  properties,  supports 
and  constraints  and  loads  are  Input  In  fixed  format.  Generation  options 
available  for  specifying  dynamic  loading. 

Output:  Printer  output  of  dlsplacesMnt  time  hsltory  and  moment  time  history. 
Plots  of  tins  histories  of  displacement,  velocity,  and  acceleration  at 
a specified  degree  of  freedom  may  be  produced. 

Language:  FORTRAN  IV 

Hardware:  CDC  6600 

Developer:  Larry  M.  Bryant, 

Dept,  of  Civil  Engineering 

The  University  of  Texas  st  Austin 

(Dr.  C.  P.  Johnson,  supervising  professor) 

Availability:  $50  (DALFI)  or  $50  (DANFI)  to  purchase  program  from 
Mr.  Larry  M.  Bryant  (or  Dr.  C.  P.  Johnson) 

Dept,  of  Civil  Engineering 

The  University  of  Texas  at  Austin 

Austin,  Texas  78712 

Comments : Theory  of  solving  geometrically  nonlinear  problems  well  presented  In 
developer's  thesis.  The  data  preparation  and  problem  set-up  Information 
Is  sketchy.  Results  obtained  using  program,  e.g.,  post-buckling  behavior 
of  a cantilever,  show  good  agreement  with  other  solutions. 
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Inelastic  Dynaalc  Response  of  Plane  Structure*  (DRAIN  2D)  [12] 

Data:  April  1973 

Capability!  Dynaalc  reaponaa  of  lnelaatlc  two-dimensional  atructuraa  of  arbi- 
trary configuration  reaulting  from  earthquake  type  ground  motion*.  Static 
load*  aay  be  applied  prior  to  dynaalc  loading,  but  behavior  under  atatlc 
load*  aay  not  be  lnelaatlc. 

Method*:  Constant  average  acceleration  *tep-by-*tap  numerical  Integration. 

Incremental  aolution  with  force  Imbalance  correction*  applied  at  succaed- 
lng  tine  «t*pa.  Geometric  etlffne**  aatrlx  uilng  atatlc  gravity  load* 
approxiaat**  "P-fi  effect." 

Limitation*  and  Restriction*:  Moat  large  aatrlce*  are  atored  In  blank  COMMON. 

U*«r'*  Guld*  describe*  calculation  of  required  storage  and  procedure  for 
allocating  It.  Data  automatically  transferred  In  block*  to  scratch 
storage  If  core  storage  la  exceeded. 

Documentation:  Technical  report  contain*  thorough  description  of  theory  and 

procedures  Involved  and  contains  a User's  Guide  vhlch  presents  input  data 
formats  with  an  example  data  aat  vhlch  la  provided  on  the  program  tap* 
when  program  is  purchased.  Savaral  example  problem*  are  solved,  and 
Input  data  listings  for  these  problems  are  provided. 

Input:  Fixed  format  data  Including  structure  geometry,  element  data,  nodal 
loadings,  and  earthquake  time  history. 

Output:  Static  displacements ; force  and  displacement  time  histories  and  en- 

velope (maximum)  values  of  nodal  forces  Including  accumulated  plastic 
strains  and  plastic  hinge  rotations  for  each  element. 

Language:  FORTRAN  IV 

Hardware:  CDC  6400,  76K  octal  words. 

Developers:  Amin  E.  Kanaan  and  Graham  H.  Powell 

Earthquake  Engineering  Research  Center 
The  University  of  California  at  Berkeley 

Availability:  $150  (surface  mall  USA),  $200  (air  mall  USA),  $250  (surface 

mall  outside  USA) , $300  (air  mall  outside  USA)  from 
NISEE 
Davis  Hall 

University  of  California 
Berkeley,  CA  94729 

(Maks  check  payable  to:  "The  Regent  a of  the  University  of  California") 

ComsMnts:  Theory  la  well  presented.  Section  describing  procedure  for  addition 
of  elements  to  program  may  be  useful.  Several  Instructive  examples  are 
presented.  User's  Guld*  appear*  to  provide  adequate  Information. 


Dynaalc  Analysis  of  Inelastic  Space  Frame*  (DYNAMIC)  [13] 

Data:  1970 

Capability:  Analysis  of  dynamically  loaded  space  frames  with  geometric  and 
material  nonlinearity. 

Methods:  Extension  of  concept  of  yield  hinge  to  yield  zone;  Incremental 

solution  with  acceleration  taken  aa  constant  Initial  acceleration  to  com- 
pute Incremental  displacement,  but  constant  average  acceleration  to  com- 
pute Incremental  velocity. 

Limitations  and  Restrictions:  100  members,  50  joints 

Documentation:  Ph.D.  thesis  by  Faraydoon  Farhoomand  (Prof.  R.  K.  Han,  super- 
vising professor)  contains  theory,  numerical  results  for  three  example 
problems,  and  program  listing  vith  definition  of  program  labels  (arrays, 
parameters,  etc.);  no  Input  data  format  was  provided  to  authors,  and 
developers  do  not  Indicate  existence  of  any. 

Input:  Not  available  to  authors. 

Output:  Not  available  to  authors. 

Languags:  FORTRAN,  except  matrix  Inversion  routine  In  COMPASS. 

Hardware:  CDC  6500 
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Developers:  R.  K.  Wtn  and  F.  Farhootaand, 

Dept,  of  Civil  Engineering 
Michigan  State  Univeralty 
Availability!  Available  froa 
Prof.  R.  K.  Wen 
Dept,  of  Civil  Engineering 
Michigan  State  Univeralty 
Eaat  Lansing,  Mich.  48824 

Comments:  Lack  of  input  data  formats  and  aaaple  problema  with  input  llatlnga 

leada  the  authora  to  conclude  that  the  davalopera  have  not  prevloualy 
conaldered  tranafarrlng  the  prograa.  Due  to  Halted  nuaber  of  prograaa 
available  to  treat  lnelaatlc  behavior  of  apace  fraaea,  and  due  to  the 
developera'  expreaaed  vlllingneaa  to  tranafar  the  prograa,  it  haa  been 
included  in  thla  review  of  available  fraae  dynaalca  prograaa. 


Fraaa  (FRAME)  [14] 


Date:  October  1973. 

Capability:  Static  analyela,  nodea  and  frequencies,  and  tranalant  displace- 

ment by  aode  superposition  and  direct  integration  of  linearly  elastic 
fraaea  (baaas,  trusses,  grlda,  ate.) 

Methods:  Elgenaolver  - power  aethod  and  Jennings'  method;  transient  response- 

aode  auperpoaltion  and  Chan's  aethod 

Limitations  and  Raatrlctiona:  Not  atatad 

Documentation:  Data  preparation  manual,  mathematical  formulations,  numerical 

techniques,  and  sample  problem  solutions.  (The  davelopara  did  not  supply 
any  of  the  docuawntatlon  to  the  authors,  eo  It  is  not  known  how  extensive 
or  helpful  thla  documentation  would  be.) 

Input:  Not  available  to  authors  at  time  of  writing. 

Output:  Not  available  to  authora  at  time  of  writing. 

Language:  FORTRAN  for  the  moat  part. 

Hardware:  Unlvac  1100  series,  65  K words 

Developers:  Structural  Analyala  Croup,  RAD  Division 

Nippon  Unlvac  Co. 

Tokyo,  Japan 

Availability:  Coaputlng  service  (charges  not  stated)  provided  by 

Nippon  Unlvac  Co. 

17-51,  Aka s aka  2-Choaa,  Minato-ku 
Tokyo  107  JAPAN 

Coaments:  The  davelopara  did  not  provide  the  authors  with  a sample  of  tha 

documentation.  Apparently  tha  program  is  available  only  on  a coaputlng 
service  basis. 


STRU-FAK  [15]  including 

Two-Dlaenalonal  Truss  Modal  Analyala  Program  (2DTMAP) 
Two-Dimensional  Prams  Modal  Analyala  Program  (2DFMAP) 
Three-Dimensional  Truss  Modal  Analyala  Program  (3DTMAP) 
Three-Dimensional  Prams  Modal  Analysis  Prograa  (3DPMAP) 
Grid  Modal  Analysis  Program  (GRIDMAP) 


Date:  May  1970 

Capability:  Modes  and  frequencies  of  tha  raspactlvs  categories  of  freme-type 

structures. 

Methods:  Gaussian  elimination  of  massless  degress  of  freedom  followed  by 
Householder-Stum  solution  for  eigenvalues  and  inverse  iteration  for 
eigenvectors. 

Limitations  and  Restrictions:  75  d.o.f.,  100  members,  50  joints,  20  nods 

shapes  (all  programs) 

Documentation:  Users ' Guide  for  each  program  containing  brlsf  review  of 

theory,  input  data  formats,  and  sample  problems  including  problem  sat -up , 
input  listing,  and  output  llatlng. 
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Input:  Uaar  creates  fraa-flald  Input  (11a  and  exacutaa  program  Intaractlvaly. 

Output:  Stl((naaa  matrix  (optional),  natural  frequencies,  noda  ahapaa, 

dlaplacamanc-maaa  producta,  and  orthogonality  chack  ara  prlntad. 

Languaga:  Mot  atatad  by  davalopar ; praauaably  FORTRAN  IV. 

Hardware : CDC 

Davalopara:  TRW  Systems  Group,  Radondo  Batch,  Calif. 

Availability:  Local  CDC  Cybarnat  Cantar,  or  Application*  Sarvlcaa 
CONTROL  DATA  CORPORATION 
P.  0.  Box  0 HQV05C 
Mlnnaapolla,  Minn.  55440 

Comments : Vary  vail  docuaantad  program*.  Fraa-flald  Input  and  lntaractlv* 
axacutlon  ara  daalrabla  faatura*. 


Analyala  of  Plana  Frames  Subjaetad  to  Porcad  Vibration*  (#253)  (16] 

Data:  Not  glvan. 

Capability:  Raaponaa  of  llnaarly-alaatlc  plana  fraaaa  to  harmonic  excitation. 

Method:  Baalcally  a atatlc  analyala  ualng  (K  - u2M)X  * P with  u apaclflad. 

Gauaalan  allalnatlon  and  Cholaaky  aquara  root  aathoda  for  aquation  sol- 
vara. 

Limitation*  and  Raatrlctlona:  600  mambar*,  400  joint*;  maximum  alta  of 

atlffnaaa  matrix  la  30,000. 

Documentation:  Uaar'a  Manual  including  vary  brief  deacrlptlon  of  aolution 
method,  auamary  of  Input  card*,  computer  prlnt-out  deacrlptlon,  and 
definition*  of  variable*  uaad  in  input  data. 

Input:  Joint  coordinate*,  mambar  connactlvltlaa,  mamba r propartiaa,  aupporta 

and  eonatralnta,  and  loada  ara  input  In  fixed  format. 

Output:  Dlaplacamanta  and  mambar  forcaa 

Languaga:  FORTRAN 

Hardware : Unlvac  HOB 

Davalopar:  Dr.  S.  S.  Taxcan,  P E.,  Electronic  Calculua,  Inc. 

Availability:  Electronic  Calculua  Inc. 

468  Park  Avanua  South 
Haw  York,  N.  Y.  10016 
or  Unlvaraity  Computing  Co.  (UCC) 

Utility  Network  Cantar 

Coaaanta:  ECI  ha*  a large  number  of  uaar*  of  lta  program*  among  atructural 
conaultlng  firm*. 


Dynamic  Nodal  Analyala  of  Large  Space  Bar  Structure*  (#6580  (17] 

Data:  Not  glvan. 

Capability:  Hodaa  and  frequencies,  tranalant  raaponaa  to  apaclflad  tlma- 
dapandant  loading  or  ahock  apactrua.  1940  El  Centro  (N-S  component) 
apactrum  Incorporated  Into  program,  but  othar  apactra  nay  b*  apaclflad. 

Method*:  Elganaolvar  - Jacobi  method  determine*  all  alganvaluaa  and  vactora; 
tranalant  raaponaa  - Duhamal  Integral  for  undamped  caaa  la  cited,  but 
dociaantatlon  does  not  Indicate  If  or  how  thla  la  uaad  for  damped 
atructur*. 

Limitation*  and  Raatrlctlona:  Documentation  atataa,  "No  atrlct  limit*  axlat 
for  tha  mast  mum  number  of  joint*  and  tMnbara  In  a bar  atructur*  which 
may  b*  analysed  by  thla  program."  On  a Unlvac  1108  th*  maximum  number 
of  joint*  la  2500,  th*  amxlmnm  number  of  d.o.f.  la  4000,  and  th*  maxi- 
mum number  of  tlm*  point*  la  1000. 

Documentation:  Uaar'a  Manual  Including  auamary  of  theory  employed,  auamary 
of  Input  cards,  computer  prlnt-out  description,  and  definition  of  varia- 
ble* uaad  In  Input  data. 

Input:  Joint  coordinate*,  mambar  properties,  mambar  connactlvltlaa,  lumped 
masses , damping  factors,  forcing  function  ordinate*  or  rospons*  spectrum. 


HUMES 


14.1 


Outputs  Mode*  and  frequencies,  spectral  displacements  for  tha  auppllad  ac- 
celerogram or  forcing  functlona,  nodal  and  maximum  probabla  (RMS)  lnartla 
forcaa. 

Languagas  FORTRAN 

Hardvara s Unlvac  1108 

Davalopars  Dr.  S.  S.  Tescan,  P.  E. 

Elactronic  Calculua,  Inc. 

Availability s Elactronic  Calculua  Inc. 

468  Park  Avtnua  South 
Ntv  York,  Nev  York  10016 

or  Unlvaraity  Computing  Co.  (UCC)  Utility  Network  Cantara 
Comanta:  ECI  haa  a larga  nuabar  of  uaara  of  lta  program!  among  atructural 

conaultlng  firma. 


Prana  Modal  Analyala  (FMA)  [18) 


Data:  Nov.  1970 

Capability:  Modaa  and  frequencies  of  apace  frana 

Methods : Jacobi 

Llnltatlona  and  Restrictions : 200  d.o.f.  (single  precision  version),  140  d.o.f. 

(double  precision  version) 

Documentation:  Technical  report  briefly  describes  modeling  procedures,  lists 

Input,  describes  output,  and  provides  two  sample  problems,  each  with 
problem  aat-up.  Input  data  Hating,  output  listing,  and  summary  of 
results.  There  la  also  program  listing. 

Input:  Data  Input  by  NAMELIST,  usual  frame  data  except  that  soma  substructur- 

ing la  provided  for. 

Output:  Input  data,  asctlon  (substructure)  and  system  K and  M matrices,  dy- 

namic matrix,  orthogonality  check,  and  fraquanclas  and  mode  shapes. 

Section  K and  H may  be  punched  or  saved  on  tape. 

Language:  FORTRAN  IV 

Hardware:  IBM  360,  370K  bytes 

Developer:  R.  J.  Guyan 

Space  Division  Rockwall  International 
12214  Lakewood  Blvd. 

Downey,  CA  90741 

Availability:  COSMIC 

Barrow  Hall,  University  of  Georgia 
Athens , Ga . , 30601 

Comments:  The  developer  states  that  FMA  has  not  been  used  st  the  Space  Divi- 

sion In  several  years,  but  has  been  replaced  by  mors  general  programs 
such  as  NAS  TRAN. 


DDAM 

Date:  Developed  September  18,  1969. 

Capability:  DDAM  Is  a program  for  the  dynamic  design/analysis  of  structures 

composed  of  beams  and/or  springs.  DDAM  can  accommodate  up  to  120  static 
degrees  of  freedom  (DOF)  and  up  to  48  dynamic  DOF.  Input  consists  of 
joint  coordinates,  material  properties,  member  cross-sectional  properties, 
and  joint  connection  data.  Tha  DDAM  program  analyses  a 2 or  3 dimen- 
sional structure  composed  of  beams  and/or  springs  to  determine  the  struc- 
ture's dynamic  response  to  mechanical  shock  loading. 

Method:  The  program  utilises  the  stiffness  matrix  method,  beam  finite  elements, 

discrete  mass,  end  normal  mode  methods  In  calculating  natural  frequencies, 
mods  shapes,  Inertial  loads,  daf lections,  and  Internal  forces  and  moments 
for  three-dimension  frame  beam  structures. 

Input:  Coordinates  era  used  to  define  tha  spatial  location  of  the  structure's 
joints  or  nodes.  Tha  precise  number  of  coordinates  required  to  define 
tha  location  of  a given  joint  Is  dependent  upon  the  maber  of  static  de- 
gress of  freedom  per  joint  chosen  for  the  problem.  For  Instance,  >he 
analysis  of  a three-dimensional  frame  would  require  that  translational 
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DOF  In  the  direction*  of  the  X,  Y,  Z exes  be  Included  a*  veil  a*  the  ro- 
tational DOF  about  these  axea.  (The  shorter  notation  TX,  TY,  TZ,  RX, 

RY,  RZ  will  be  used  to  denote  these  DOF  below.)  Similarly,  a two-dimen- 
sional truss  would  only  require  TX  and  TY.  In  all,  five  combinations 
of  the  six  DOF  are  possible:  TX-TY,  TX-TY-TZ,  TX-TY-RZ,  TZ-RX-RY,  TX- 

TY-TZ-RX-RY-RZ . The  joints  of  the  structure  may  b*  Interconnected  by 
beams  or  springs.  Each  beam  element  may  consist  of  any  number  of  series 
pieces  or  aub-sactlona.  Each  place  may  have  a unique  orientation  in 
space  and  may  possess  geometric  and  material  properties,  unlike  those 
of  the  adjacent  pieces.  The  final  pleca  in  a scrlea  may  be  pinned  (re- 
leased) to  slid*  or  rotate  in  any  desired  dlrectlon(s) . Springs  may  be 
either  translational  or  rotational.  The  dynamic  properties  of  the  struc- 
ture may  be  defined  in  terms  of  weight  or  mass  and  may  be  associated  with 
any  of  the  six  possible  DOF  at  a given  joint.  The  input  spectrum  accel- 
eration values  must  be  provided  for  each  mode. 

Output:  Output  consists  of  tha  overall  structural  stiffness  matrix,  dynamic 

flexibility,  natural  frequencies,  mode  shapes,  modal  weights,  joint 
displacements  and  member  forces,  deflections,  and  atresaaa. 

Language:  FORTRAN  IV. 

Hardware:  GE  635 

Developer:  Electric  Boat  Division 

General  Dynamics  Corp. 

Groton,  Conn.  06340 

Availability:  Contact:  Superintendent  of  Shipbuilding 

Conversion  and  Repair 
U.S.N. 

3rd.  Avenue  and  29th  Street 
Brooklyn,  N.  Y.  11232 
Attn:  Larry  Gordon  (212)  965-5417 

Gerald  Greenldge 

Also:  For  commercial  availability,  contact  G.  E.  Information 

Services,  or  Computer  Sciences  Corporation  INFONET 
Qualified  individuals  only. 


Computer  Methods  in  Advanced  Structural  Analysis  (19) 


Date;  1973 

Capabilities:  This  is  a textbook  which  Includes  discussion  of  tha  following 

structural  dyn aides  programs  together  with  program  listings: 

Chapter  1:  Free  Vibrations  of  Structural  Frames  with  Lumped  Masses 
Chapter  2:  Free  Vibrations  of  Continuous  Beau  and  Rigid  Frames  with 
Distributed  Masses 

Chapter  3:  Undamped  Forced  Motion  of  Structural  Frames  with  Lumped  Masses 

Documentation:  Textbook  [19] 

Language:  FORTRAN  IV 

Developer:  C.  K.  Wang 

Department  of  Civil  and  Environmental  Engineering 
University  of  Wisconsin 
Madison,  Wisconsin  53706 

Comments:  The  above  programs  are  intended  primarily  for  use  in  conjunction  with 

a course  based  on  the  text.  The  style  of  tha  text  would  make  the  programs 
difficult  to  use  as  "stand  alone"  programa. 
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Nonlinear  Transient  Response  of  Solids 

Walter  Herrmann 

Sandia  Laboratories 


INTRODUCTION 

In  thla  chapter  we  will  conaldar  computer  programs  capable  of  solving  problems 
Involving  the  transient  mechanical  rasponse  of  aolld  bodies.  A conspicuous 
feature  of  such  responae  la  the  propagation  of  stress  waves.  We  will  be  par- 
tlculsrly  concerned  with  high  stresses  at  which  material  response  Is  nonlinear. 

Transient  problems  can  be  disconcertingly  complicated,  even  for  seeming- 
ly simple  Initial  and  boundary  conditions.  A localised  Impact  or  explosion 
may  Induce  stress  waves  which  reverberate  throughout  the  body,  perhaps  to 
cause  failure  at  a location  remote  from  the  excitation.  Computations  with  suf- 
ficient resolution  to  follow  stress  waves  through  several  reverberations  In 
the  body  can  be  done  by  Intelligent  use  of  the  programs  to  be  described  hara, 
although  they  are  often  time  consuming  and  expensive  due  to  the  detail  which 
may  be  required  to  ensure  that  the  Important  physical  phenomena  are  retained. 

Applications  requiring  stress-wave  analysis  arose  In  the  early  1940's  In 
connection  with  nuclear  weapon  design.  By  the  1930's  finite  difference  meth- 
ods were  developed  to  handle  Chess  problems.  Thalr  growth  In  capability  kept 
pace  with  computer  development,  and  to  some  extant  Influenced  the  development 
of  large  scientific  computers.  With  an  Initial  emphasis  on  very  high  pressure 
and  temperature  phenomena,  shear  strength  vas  neglected  In  early  calculations, 
and  solid  materials  were  modelled  ss  compressible  fluids.  While  elastic- 
plastic  and  other  materiel  descriptions  wars  soon  Introduced,  s legacy  of  this 
early  history  la  an  emphasis  on  complete  thermodynamic  descriptions  which  cor- 
rectly account  for  irreversible  heating  of  materials  during  rapid  dynamic  de- 
formations. 

By  the  early  1960's,  with  the  Introduction  of  realistic  models  of  material 
strength,  these  methods  found  wide  application  to  nuclear  weapon  affects,  to 
conventional  ordnance  problems  such  as  Interior  and  terminal  ballistics  end 
fragmentation,  and  to  a rapidly  expanding  range  of  non-military  applications 
ranging  from  explosive  forming  and  processing,  percussive  rock  breakage  and 
explosive  excavation  to  reactor  accident  analysis.  While  finite  alamant  meth- 
ods have  been  subsequently  extended  to  treat  transient  problems  In  solid  bodies, 
thla  ahaptec  will  be  limited  to  finite  difference  methods. 

Before  discussing  particular  computer  programs,  some  general  material  on 
discontinuities,  program  structuring,  material  constitutive  aquations  and  fail- 
ure will  be  presented  to  provide  the  reader  with  soma  guidance  In  the  choice 
of  numerical  method  for  his  problem.  Various  finite  difference  methods  will 
then  be  outlined,  and  specific  computer  prograss  Implementing  these  methods 
will  be  mentioned. 


DISCOMTIHUITIU 

A salient  feature  of  the  propagation  of  high  amplitude  stress  waves  In  solid 
materials  Is  the  presence  of  shock  waves,  Ivan  If  shock  waves  are  not  lntro- 
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duced  by  discontinuities  in  the  initial/boundary  data,  they  may  ariae  spon- 
taneoualy  in  the  body  by  ateepening  of  compreaalve  waves  due  to  nonlinear 
response  of  the  material.  While,  of  course,  shock  waves  cannot  exist  as 
mathematical  discontinuities  in  real  materials  when  viewed  on  a molecular 
scale,  shock  waves  may  nevertheless  be  very  thin.  For  example,  Barker  [l] 
and  Schuler  [2]  have  observed  shock  waves  in  metals  and  polymers  with  rise 
times  leas  than  the  resolution  of  current  instrumentation  (a  few  ns).  Corres- 
ponding shock  widths  are  less  than  10-*  m.  Even  in  more  dissipative  materials, 
such  as  porous  materials  [3],  shock  wave  thicknesses  may  be  several  orders 
of  magnitude  smaller  than  body  dimensions. 

Another  feature  of  stress  wave  propagation  is  the  presence  of  accelera- 
tion waves;  that  is  discontinuities  in  stress  and  strain  gradients.  While 
again  their  description  as  discontinuities  is  an  idealization,  very  thin  ac- 
celeration waves  have  been  observed  in  experiments  £4], 

The  presence  of  shock  and  acceleration  waves  implies  tnat  Atress  wave 
solutions  possess  a substantial  very  high  frequency  content.  Any  numerical 
method  which  relies  on  a discretization  of  space  will  act  as  a low  pass  filter, 
removing  components  with  a wavelength  smaller  than  twice  to  four  times  the 
spatial  mesh  size.  It  is  almost  always  prohibitive,  in  engineering  calcula- 
tions, to  provide  a sufficiently  fine  numerical  grid  so  that  physically  real- 
istic shock  and  acceleration  wave  thicknesses  are  resolved.  Consequently, 
special  provisions  are  necessary  to  accomodate  shock  and  acceleration  waves. 


Shock  Fitting 


There  are  two  methods  of  dealing  with  discontinuities.  The  first  is  called 
the  method  of  shock  fitting.  Shock  waves  are  considered  to  be  mathematical 
discontinuities  which  are  treated  as  Internal  moving  boundaries.  Discretized 
numerical  methods  ars  used  in  the  cnntlnuoua  regions  between  shocks,  and  their 
solutions  are  Joined  across  shocks  by  means  of  the  shock  jump  relations.  The 
positions  of  shocks  are  not  known  a priori,  they  must  be  obtained  as  psrt  of 
the  solution.  Acceleration  waves  are  usually  lgnorsd,  and  give  rise  to  some 
numerical  noise,  although  they  may  also  ba  treatad  as  further  Internal  moving 
boundaries. 

Shock  fitting  o'  viously  involves  severe  complications  in  logic  to  keep 
track  of  numerous  moving  boundaries,  particularly  when  shock  waves  can  inter- 
act with  each  other,  with  material  interfaces  and  with  boundaries  to  give  rise 
to  further  shocks.  While  the  method  has  baen  applied  successfully  in  one 
dimension  [5,  6,  7]  and  to  some  extent  in  two  dlMnslons  [8],  computer  programs 
are  usually  limited  to  specific  kinds  of  problem!  in  which  shock  waves  are 
known  to  propagate  in  certain  regions  and  in  certain  directions. 

A variant  of  the  shock  fitting  method  utilizes  s discrete  mesh  in  charac- 
teristic directions,  rather  than  along  constant  space  and  time  directions. 

Since  acceleration  waves  and  higher  order  discontinuities  propagate  in  charac- 
teristic directions,  these  can  also  be  treated  as  discontinuities  in  such  a 
method.  The  positions  of  characteristics  are  not  known  a priori  (except  in 
the  linear  case)  and  the  computational  mesh  itself  is  part  of  the  solution. 
Nevertheless,  the  method  has  been  used  quite  successfully  in  one  dimension 
[6,  9,  10,  11].  In  particular,  tha  SWAP  cods  [9]  utilises  the  fact  that  the 
shock  Jump  relations  reduce  to  the  acoustic  relations  for  infinitely  weak 
shocks,  and  hence  can  be  uasd  on  characteristics.  Smooth  motions  srs,  in 
effect,  reprssentsd  as  a ssrlss  of  wesk  shocks.  The  logic  of  handling  wave 
interactions  is  thereby  reduced  to  manageable  size,  and  the  SWAF  code  can 
handle  a wide  variety  of  problems.  The  RICSHAW  code  [11  ] also  has  a logic 
structure  which  allows  a wide  variety  of  problems  to  be  handled.  Techniques 
of  this  kind  are  often  extremely  efficient  in  comparison  with  other  methods 
when  narrow  stress  pulses  propagate  long  distances  through  otherwise  relativ- 
ely quiescent  regions.  Two-dimensional  methods  using  s bl-characterlstlc  com- 
putational gild  have  proved  to  be  relatively  difficult  to  Implement  due  to  the 
greatly  increased  complexity  of  the  logic,  and  have  not  been  widely  used.  Due 
to  their  specialised  nature,  shock  fitting  codes  are  not  included  in  what 
follows. 
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Dissipative  Methods 

A second  method  of  dealing  with  shock  waves  Involves  the  use  of  dissipation 
to  limit  the  high  frequency  content  of  solutions.  In  effect,  shock  waves  are 
broadened  bo  that  they  may  be  represented  as  continuous  profiles  with  a rea- 
sonable computational  grid.  The  dissipation  may  be  Internal  to  the  numerical 
method,  as  for  example  In  the  Lax-Wendroff  technique  [12],  or  It  may  be  Intro- 
duced as  an  artificial  viscosity  [13],  added,  In  effect,  In  the  material  con- 
stitutive equations.  Artificial  viscosity  methods  generally  have  some  Internal 
dissipation  [14],  while  techniques  with  high  Internal  dissipation  often  re- 
quire the  use  of  an  added  artificial  viscosity  for  at  least  some  problems  [12], 

The  magnitude  of  internal  dissipation  is  normally  a function  of  the  spa- 
tial mesh  size.  The  same  effect  is  achieved  in  artificial  viscosity  schemes 
by  making  the  viscous  coefficients  a function  of  mesh  size.  Both  methods 
have  essentially  the  same  effect.  Shock  waves  are  spread  into  steep  but  con- 
tinuous waves  whose  width  Is  a more  or  less  fixed  multiple  of  the  spatial 
mesh  size. 

If  the  scheme  properly  conserves  energy,  the  dissipation  converts  the 
energy  In  the  excluded  high  frequency  components  Into  shock  heating,  and  the 
proper  entropy  change  across  the  shock  wave  Is  obtained.  If  the  shock  Is  not 
spread  over  a sufficient  number  of  meshes,  however,  components  near  the  cut-off 
frequency  are  amplified,  and  spurious  numerical  oscillations  appear  behind  the 
shock  [15],  It  is  usually  found  for  most  methods  that  such  noise  Is  eliminated 
If  shocks  are  spraad  over  three  to  four  mesh  widths,  although  It  Is  possible  to 
spread  shocks  over  as  little  as  two  mesh  widths  with  the  appearance  of  some 
limited  noise  behind  the  shock.  Dissipation  also  serves  to  spread  acceleration 
waves,  which  otherwise  also  lead  to  numerical  nolee.  Since  artificial  viscos- 
ity methods  allow  control  of  shock  spreading  through  simple  adjustment  of  the 
viscous  coefficients,  they  are  often  preferred  to  methods  which  rely  on  inter- 
nal dissipation,  In  which  the  shock  spreading  la  not  adjustable. 

Except  In  the  linear  elastic  case,  most  methods  are  dissipative  to  some 
extent,  and  may  attenuate  components  with  frequencies  below  the  cut-off  fre- 
quency. Some  methods  also  show  dispersion  In  that  components  of  different 
frequencies  will  propagate  with  different  velocities.  It  is  obviously  desir- 
able to  use  s scheme  with  little  or  no  dispersion  and  with  a very  sharp  fre- 
quency cut-off.  Analysis  is  difficult  because,  of  course,  the  problem  la 
nonlinear,  and  simple  mode  superposition  Is  not  applicable.  However,  use  of 
an  artificial  viscosity  which  depends  on  the  second  or  higher  power  of  the 
velocity  gradient  [13  ] represents  an  attempt  to  achieve  a sharp  frequency  cut- 
off. Most  programs  to  be  described  also  use  a linear  viscosity  [16]  to  damp 
low  level  noise. 

Some  distortion  of  the  solution  by  dispersion  and  attenuation  My  always 
be  expected.  Care  la  always  necessary  in  the  use  of  any  numerical  method  for 
nonlinear  wave  propagation  problems  to  be  sure  that,  on  the  one  hand,  adequate 
high  frequency  content  Is  retained  and  shocks  are  not  spread  to  the  point  where 
the  solution  Is  meaningless,  and  on  the  other  hand,  spurious  numerical  noise 
does  not  override  the  solution.  Since  these  effects  are  mesh  slse  dependent, 
comparison  of  computations  with  different  mesh  sizes  can  reveal  their  presence. 
It  is  always  necessary  to  scrutinize  extensive  plotted  output  of  several  cal- 
culations with  different  Msh  sizes  whenever  a new  type  of  problem  Is  Initia- 
ted, to  be  sure  that  the  solution  is  not  affected  to  an  unacceptable  degree  by 
numerical  artifacts. 


NUMERICAL  METHODS 

There  are  basically  three  types  of  descriptions  of  a motion,  depending  on  the 
choice  of  coordinate  system.  In  the  Eulerlan  description,  the  swtlon  Is  re- 
ferred to  spatial  coordinates,  and  the  computational  grid  Is  fixed  In  space 
with  material  flowing  through  It.  In  the  iagranglan  description,  the  siotlon 
la  referred  to  a material  coordinate  system.  The  mapping  of  the  computation- 
al grid  In  space  appears  to  distort  with  the  material.  Finally,  convectad 
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coordinates  may  be  ueed  to  deacrlbe  the  motion.  In  thli  system,  the  computa- 
tional grid  moves  through  space,  either  with  the  material,  or  Independently. 

In  addition,  there  are  a number  of  hybrid  descriptions. 

For  solid  materials,  the  Lagranglan  description  Is  the  most  straightfor- 
ward. Since  the  same  material  occupies  a particular  computational  mesh 
throughout  the  motion.  It  la  a simple  matter  to  keep  track  of  the  history 
which  that  material  has  experienced.  Consequently,  It  la  relatively  easy  to 
Incorporate  history  dependent  material  descriptions,  such  as  plasticity,  vis- 
coelasticity or  phase  changes  and  chemical  reactions.  The  Lagranglan  descrip- 
tion Is  almost  always  used  in  one-dimensional  methods,  and  all  of  the  one- 
dimensional  programs  cited  below  are  of  this  type.  In  tvo  or  thi  ee  dimensions, 
the  Lagranglan  description  la  also  preferable  as  long  as  distortions  do  not 
become  so  extreme  that  the  map  of  the  Lagranglan  meshes  In  spacr  becomes  dis- 
ordered. This  may  happen  In  many  problems,  aa  for  example  In  tie  ejecta  re- 
gion of  a crater  due  to  a very  high  velocity  impact  or  explosion,  or  In  a 
shaped  charge  jet. 

Two  techniques  have  been  developed  for  alleviating  problems  of  large  dis- 
tortion In  Lagranglan  methods.  One  la  a rezone  technique,  In  which  portions 
of  the  solution  which  are  becoming  disordered  are  periodically  remapped  onto  a 
new  ordered  computational  grid.  The  new  grid  may  be  defined  point  by  point  by 
hand,  or  automatic  mesh  generators  may  be  used.  Mesh  quantities  for  the  new 
grid  are  Interpolated  from  those  of  the  old  grid.  It  should  be  noted  that 
Interpolation  of  quantities  representing  the  history  of  the  material  is  some- 
what uncertain,  and  some  loss  of  definition  of  history  parameters  Is  unavoid- 
able when  any  type  of  resoning  Is  used. 

The  second  technique  for  alleviating  problems  associated  with  large  dis- 
tortions In  Lagranglan  methods  In  multi-dimensions  Is  the  use  of  sliding  Inter- 
faces. In  interface  regions  betveen  two  materials  which  can  be  expected  to 
slide  over  one  another,  the  computational  grid  la  arranged  so  that  sliding  may 
occur.  In  most  schemes,  the  interface  nay  have  zero  or  finite  friction,  and 
may  also  separate  and  reclose.  Sliding  Interfaces  are  conmonly  used  between 
explosive  gasses  and  solid  materials,  for  example,  or  between  a ballistic  pro- 
jectile and  target  material.  Sliding  Interfaces  may  also  be  used  between 
bodies  which  may  collide  during  the  calculation.  They  nay  be  Introduced  either 
Initially  or.  In  conjunction  with  rezonlng,  during  the  calculation  in  regions 
undergoing  either  tensile  fracture  or  adiabatic  shear  failure.  They  may  also 
be  used,  with  sliding  and  separation  suppressed,  to  merely  Introduce  a change 
In  the  computational  grid  size. 

For  problems  In  which  very  large  distortions  predominate,  the  Eulerlan 
description  nay  be  necessary.  IVo  methods  have  bean  developed.  In  one,  the 
material  transport  terms  are  Included  In  the  dlfferenca  algorithms  for  the 
partial  derivatives  from  the  outset.  In  the  other,  at  each  time  step  a Lagran- 
glan calculation  Is  performed,  followed  by  a separata  calculation  of  the  con- 
vective transport  terms.  Obviously,  severe  distortions  or  flows  pose  no  diffi- 
culties for  these  methods.  However,  special  provisions  must  be  made  for 
locating  material  surfaces  and  Interfaces,  otherwise  these  will  diffuse  rapidly 
through  the  computational  grid.  In  one  technique,  care  Is  taken  In  the  trans- 
port of  material  from  one  mesh  to  another  to  Identify  the  material  In  the 
acceptor  mesh,  and  to  transport  ooly  that  material  until  It  is  exhausted  In  the 
donor  mesh.  Material  surfaces  and  Interfaces  are  therefore  defined  only  to 
within  one  mesh  width,  but  they  do  not  progressively  diffuse.  In  another  tech- 
nique, the  actual  positions  of  surfaces  and  interfaces  Is  calculated,  either  by 
a method  analogous  to  shock  fitting,  or  by  Introducing  Lagranglan  "tracer 
particles."  It  may  be  noted  that  since  the  material  residing  In  s given 
Eulerlan  mash  at  a given  time  nay  have  resided  In  other  meshes  at  earlier  times, 
it  Is  difficult  to  define  its  history,  unless  Lsgrsnglan  tracers  are  used  to 
label  material  particles  as  they  move  through  tha  Eulerlan  grid.  This  Is  not 
usually  done,  due  to  the  extra  computational  complexity  and  expanse,  so  that 
most  Eulerlan  techniques  are  usually  limited  in  their  ability  to  handle  history- 
dependant  materiel  descriptions, 

Convacted  coordinate  methods  offer  possibilities  of  combining  the  best 
features  of  Lagranglan  and  Eulerlan  techniques,  but  have  so  far  received 
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relatively  lei*  attention.  Since  the  sution  of  the  computational  grid  can  be 
•pacified  Independently  of  that  of  the  material,  It  la  possible,  In  principle, 
to  have  the  grid  follow  Che  aaterlal  In  tone  portiona  of  the  motion,  while  In 
effect  continuously  retoning  other  portiona  which  might  ba  ".ndsrgolng  a eve  re 
distortions.  Obviously,  the  method  suffers  the  same  problems  in  defining 
material  histories  as  Eulerian  methods,  unless  Lagranglan  tracers  are  ueed. 

Several  hybrid  schemes  have  bean  developed.  In  the  moat  obvious,  the 
early  portion  of  • problem  during  which  severe  distortions  era  expected  are 
performed  with  an  Eulerian  method.  After  the  motion  subsides  somewhat,  the 
solution  is  mapped  onto  a Lagranglan  grid,  and  carried  on  with  a Lagranglan 
method  which  Is  better  able  to  describe  complicated  material  behavior  [17,  18]. 
Numerous  probletss  of  explosions  and  hypervalocity  Impact  have  bean  handled  this 
way. 

Another  hybrid  technique  uses  a Lagranglan  smthod  In  one  portion  of  the 
problem  and  an  Evlerlan  description  In  another,  coupled  across  a suitable 
Interface  [19],  Such  a description  is  useful  for  problems  Involving  two  mate- 
rials, one  of  which  Is  easily  deformable  such  as  a fluid,  and  the  other  of 
which  la  much  less  deformable  such  as  an  alaatic-plaatlc  solid.  It  haa  been 
applied  successfully  to  fluid  flows  through  thick  deformable  pipes  and  to  de- 
formable projectiles  moving  through  fluids. 

More  complicated  hybrid  schemes  have  also  been  devised.  For  example,  one 
method  uses  a Lagranglan  description  in  ona  coordinate  direction  and  an  Euler- 
ian description  In  another  [20].  Computer  programs  based  on  hybrid  methods 
tend  to  be  written  for  a apaciflc  application,  and  consequently  era  difficult 
to  adapt  to  other  problems.  With  few  exceptions,  the  user  oriented  programs 
described  below  are  baaad  either  on  the  Lagranglan  or  the  Eulerian  method. 

No  mention  has  been  made  of  tha  specific  numerical  algorithms  which  have 
been  used.  Virtually  without  exception,  user-oriented  multi-purpose  computer 
prograsu  uaa  explicit  conditionally  stable  algorlthau.  This  greatly  facili- 
tates data  storage  ana  handling  in  the  computer,  which,  for  large  multidimen- 
sional problems,  becomes  a limiting  factor  In  machine  efficiency.  Each 
computer  program  uses  a somewhat  different  algorithm.  Among  the  Lagranglan 
programs,  von  Naumann-Richtmyer,  Lax-Wandroff , and  othar  methods  are  used, 
which  are  sacond-ordar  accurats  for  uniform  mash  spaclnga,  but  which  involve 
first-order  errors  whan  non-uniform  mashes  are  used.  Extensive  one-diawnslon- 
al  tasting  has  shown  that  while  each  method  may  ba  "tuned”  to  give  better  re- 
sults for  some  particular  problem  type,  no  one  method  seems  to  ba  distinctly 
superior  for  a broad  spectrum  of  problesu.  Eulerian  methods  similarly  are 
eostly  first-order  accurate.  No  attempt  haa  been  made  to  differentiate  the 
programs  listed  below  on  the  basis  of  accuracy  or  efficiency,  largely  because 
the  coaprehenslve  casting  required  to  establish  relative  efficiencies  on  a 
wide  spectrins  of  problems  has  not  bsen  carried  out.  It  should  bs  mentioned 
that  the  quality  of  tha  results  for  a given  expenditure  of  coaputer  time  la 
perhaps  sore  dependent  on  the  choice  of  computational  grid  and  tutorial  de- 
scription than  on  tha  particular  choice  of  numerical  algorithm  from  among  the 
various  successful  ones  Implemented  In  tha  prograM  described  hare. 


PROGRAM  STRUCTURE 

Finite  difference  methods  are  bssed  upon  representing  the  partial  differential 
equations  expressing  conservation  of  mass,  momentum  and  energy,  the  strain- 
displacement  relations  and  the  constitutive  equations  by  numerical  algorithms. 
While  these  algorithms  suy  ba  developed  in  a niabar  of  different  ways,  moat  can 
bs  considered  In  terms  of  the  expsnalon  of  partial  derivatives  In  tha  differ- 
ential equations  In  truncated  Taylor  series.  Tha  method  is  very  direct  j 
saparats  masarlcal  algorithms  are  obtained  for  each  of  tha  basic  governing 
equations.  In  most  explicit  techniques  used  la  the  programs  described  here, 
these  equations  can  bs  solved  explicitly  In  sequence  at  each  mesh  point  In  tha 
computational  grid.  While  boundaries  and  Interfaces  may  require  special  treat- 
ment, data  flow  for  Interior  aeehpolnts  can  often  ba  straightforward,  allowing 
simple  ordered  access  to  data  stored  in  peripheral  mamory  devices.  Initialise- 
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tlon  can  be  handled  In  a separate  part  of  the  program,  and  may  be  reduced 
to  reading  data  prepared  by  a preprocessor.  Similarly,  output  functions  may 
be  segregated,  and  may  be  reduced  to  writing  data  flies  for  subsequent  use  by 
postprocessors. 

Since  separate  explicit  algorithms  are  usually  obtained  for  each  of  the 
governing  equations,  It  is  often  not  too  difficult  to  change  one  or  more  of 
them  without  affecting  the  remainder  of  the  program.  This  Is  particularly 
true  of  the  constitutive  routines.  In  many  (but  not  all)  programs,  the  con- 
stitutive equations  are  coded  In  a segregated  section  of  the  program  or  In 
subroutines.  The  sophisticated  user  may  remove  or  add  a specific  constitutive 
equation  or  failure  criterion  without  excessive  difficulty.  A number  of  users 
have  successfully  transplanted  coding  of  a constitutive  equation  or  failure 
criterion  from  one  program  to  another.  For  this  reason,  constitutive  equations 
are  described  separately  below.  In  some  programs  It  is  possible,  but  often 
more  difficult,  to  add  different  Initialization  routines,  boundary  conditions, 
prescribed  heat  sources  and  body  forces,  and  output  and  display  routines. 

Stress  wave  programs,  Irrespective  of  the  numerical  method  used,  are 
generally  large  In  terms  of  computer  storage  and  running  time  requirements, 
particularly  for  multidimensional  cases.  Existing  programs  are  frequently 
tailored  to  a greater  or  lesser  extent  to  particular  computer  hardware  and 
software  configurations  In  an  attempt  to  Increase  efficiency.  Most  also  make 
compromises  In  their  structuring  for  the  same  reason,  thus  losing  some  of  the 
flexibility  inherent  in  finite  difference  techniques.  Programs  are  not  always 
easily  transported  from  one  computer  to  another.  Several  of  the  programs  de- 
scribed below  have  been  converted  to  run  on  several  different  computers.  Since 
conversions  are  frequently  done  by  sophisticated  users,  rather  than  by  the 
original  developer,  systematic  listings  of  sources  for  different  versions 
usually  do  not  exist.  The  original  developer  may  be  able  to  provide  Informa- 
tion on  the  various  versions  which  exist,  and  where  they  may  be  obtained. 


CONSTITUTIVE  RELATIONS 

Various  material  descriptions  which  have  been  used  In  stress  wave  programs  are 
discussed  In  this  section.  A number  of  these  are  Incorporated  Into  several 
programs,  although  they  almost  always  differ  In  the  precise  forms  of  the  mate- 
rial functions  which  they  employ.  Some  of  the  material  descriptions  have  been 
incorporated  Into  only  one  or  two  programa.  Additional  material  descriptions 
are  constantly  being  developed.  These  are  often  accompanied  by  computer  sub- 
routines designed  for  one  or  another  wave  propagation  program.  The  sophisti- 
cated user  of  a given  program  may  very  well  find  It  desirable  to  add  material 
descriptions  as  he  tackles  a variety  of  problems.  As  has  been  mentioned,  this 
can  often  be  done  without  prohibitive  effort.  In  view  of  this  flexibility.  It 
has  been  felt  worthwhile  to  discuss  some  of  the  material  descriptions  separa- 
tely from  a discussion  of  the  computer  programs. 


Hydrodynamic 

Early  programs  were  based  on  the  concept  that  material  shear  strength  was  neg- 
ligible at  very  high  pressures,  and  effectlvaly  treated  solid  materials  as  If 
thay  were  compressible  fluids.  This  allowed  description  of  etress  and  strain 
by  scalar  quantities,  that  is,  by  pressure  and  density,  rather  than  by  tanaor 
quantities,  with  considerable  reduction  of  complication  and  computer  storage 
requlreswnts.  It  has  long  barn  recognised  that  there  ere  very  few,  If  any, 
situations  in  which  the  entire  motion  may  be  described  In  this  way,  and  pro- 
grams which  are  limited  to  scalar  stress  and  strain  measures  are  excluded  from 
consideration  in  this  paper.  Neverthslees,  fluid  equations  of  state  are  still 
useful  to  describe  very  high  pressure  and  tesqperatura  states  of  materials,  and 
they  are  often  combined  with  deviator  stress-strain  relations  for  use  at  less 
extreme  conditions, 

The  most  popular  description  of  the  equation  of  stats  Is  based  on  the 
Mle-Grunelsen  equation,  which  was  first  adapted  to  high  pressure  states  of 
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solid  materials  at  Los  Alamos  [21,  22,  23],  Several  variations  In  functional 
forms  are  In  use.  The  PUFF  [24]  and  Tlllotson  [25]  equations  Include  modifi- 
cations which,  In  the  high  pressure  limit,  tend  to  a perfect  gas  description. 
Some  care  la  necessary  In  the  use  of  the  varlouu  forma,  since  the  material 
parameters  corresponding  to  one  cannot  usually  be  converted  directly  to  those 
corresponding  to  another.  Consequently,  It  Is  necessary  to  be  sure  that  mate- 
rial property  Input  parameters  are  compatible  with  the  particular  form  Imple- 
mented In  the  program. 

High  velocity  Impacts,  explosive  loadings,  or  pulsed  radiation  may  cause 
sufficient  compression  or  heating  to  Induce  polymorphic,  melting,  or  vaporlza- 
tlon  phase  changes  In  solid  materials.  These  effects  are  Ignored  In  the  hydro- 
dynamic equations  described  above,  which  merely  provide  a smooth  approximation 
to  the  equation  of  state  surface.  In  many  cases.  It  la  necessary  to  provide  a 
realistic  description  of  phase  boundaries  and  mixed  phase  states.  Several  de- 
scriptions which  assume  that  the  phases  are  In  local  thermodynamic  equilibrium 
during  homogeneous  phase  changes  have  been  developed.  Among  those  which  have 
been  used  In  a number  of  codes  are  the  ANEOS  [26,  27]  and  the  GRAY  [28,  29] 
descriptions.  Both  allow  solid,  liquid  and  vapor  regions  together  with  solid- 
liquid  and  llquld-vapor  mixed  phase  states.  The  former  has  a somewhat  wider 
range  of  applicability,  and  can  handle  certain  solid-solid  polymorphic  phase 
transitions  as  well. 

Kinetic  non-equlllbrlum  effects  in  phase  changes  have  also  been  considered, 
but  to  a lesser  extent.  Andrews  [ 30]  has  developed  a calculatlonal  procedure 
in  which  the  transformation  rate  In  a binary  mixture  of  phases  Is  a function  of 
the  difference  in  the  Gibbs  potentials  of  the  two  phases,  A similar  procedure 
has  been  used  for  describing  chemically  reacting  mixtures  where  the  reaction 
rate  Is  governed  by  Arrhenius  kinetics  [31]. 

Detonation  of  explosives  has  been  described  by  similar  chemically  reacting 
mixture  routines,  usually  regarding  the  unreacted  explosive  and  the  reacted  ex- 
plosion products  as  components  of  a binary  mixture.  Often,  simplified  reaction 
rats  laws  are  used;  for  example,  taking  the  mass  fraction  of  explosion  products 
to  vary  linearly  with  specific  volume  of  the  mixture  [31].  A simpler  device, 
Implemented  In  most  programs.  Is  to  pre-calculate  the  detonation  time  for  each 
amah  In  the  computational  grid  containing  explosive  from  the  Chapman- Jouget 
detonation  velocity  and  the  distance  from  the  point  of  Initiation.  Prior  to 
this  time,  the  explosive  Is  taken  to  be  rigid.  After  this  time,  the  explosion 
products  are  described  by  one  of  many  gaseous  equations  of  state,  varying  In 
complexity  from  a perfect  gas  law  to  the  BKW  (Becker-Klatlakowsky-Hllson) 
theoretical  equation  of  state  [32]  and  the  empirical  JWL  (Jones-Wllklns-Lee) 
equation  [33].  Many  combinations  and  variations  of  these  burn  laws  and  equa- 
tions of  state  have  been  used. 


Elastic-Plastic 

The  most  common  treatment  of  metal  plaetlclty  Is  that  due  to  Wilkins  [34  ].  The 
stress  and  velocity  strain  (or  stretching)  are  both  decomposed  Into  spherical 
and  davlator  parts.  The  spherical  parts  are,  of  course,  related  to  the  pres- 
sure and  the  rate  of  change  of  density.  Since  plaetlclty  Is  assumed  to  be  ab- 
sent from  volume  changes,  the  pressure  and  density,  together  with  thermodynamic 
variables  are  assumed  to  be  related  by  a hydrodynamic  equation  of  atata  In  one 
of  the  forms  discussed  above.  For  the  deviator  parts,  the  velocity  strain  Is 
divided  Into  elastic  and  plastic  parts.  The  elastic  part  Is  related  to  a 
suitably  rotationally  Invariant  (objective)  etress  rate  via  a shear  modulus, 
which  Is  usually  taken  to  be  a variable  dependent  on  the  compression  and  the 
thermodynamic  variables.  Upon  Integration  over  a time  step,  the  streee  Is 
limited  by  a yield  criterion,  which  may  also  be  a function  of  the  thermo- 
dynamic state.  Herrmann  [35]  has  discussed  the  approximations  Involved  In 
this  type  of  description  when  the  deformation  Is  flnlts,  and  has  shown  that 
they  are  compatible  with  the  assumption  that  the  elastic  portion  of  the  devi- 
ator strain  Is  Infinitesimal,  as  It  Is  for  most  ductile  materials. 

Most  wave  propagation  programs  Incorporate  a description  of  the  above 
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type,  usually  aeeumlng  a von  Miaae  perfectly  plaatlc  yield  criterion,  and  a 
shear  modulus  obtained  from  the  bulk  aodulua  (which  la  Implicit  In  the  hydro- 
dynamic equation  of  atate)  by  aeana  of  a constant  Poiason's  ratio.  The  yield 
atreea  la  often  taken  to  vary  with  temperature  (or  Internal  energy)  and  to  re- 
duce to  a negligible  value  at  the  onset  of  Belting.  Consequently,  It  la  pos- 
sible to  use  a hydroatatlc  equation  of  state  with  a aultl-phaae  description, 
combined  with  a plasticity  description  to  span  the  entire  range  of  stress  and 
temperature  states  from  ambient  to  vaporization. 

Various  strain  hardening  laws  have  been  Incorporated  Into  descriptions  of 
this  type,  including  Isotropic  [36,  37],  kinematic  [38],  and  combined  multi- 
element hardening  [39].  Stral i rate  effects  have  also  been  Incorporated,  baaed 
on  a Maxwellian  description  [39,  40]  and  on  a Voigt  description  [41].  Some- 
times the  description  of  both  utrain  hardening  and  strain  rate  effects  has  been 
couched  in  terms  of  dislocation  mobilities,  but  the  equations  are  formally 
Identical  to  those  obtained  In  a continuum  description. 


Porous 

There  are  a number  of  descriptions  of  porous  materials.  In  the  simplest,  all 
shear  strength  la  neglected,  that  Is,  the  material  Is  treated  as  If  It  were  a 
fluid  which  can  suffer  Irreversible  volume  collapse.  At  pressure  levels  where 
the  hydrodynamic  description  given  above  is  valid,  this  Is  a perfectly  good 
approach.  The  material  Is  given,  In  the  Input  parameters,  an  Initial  density 
which  corresponds  to  that  of  the  porous  material.  All  other  hydrodynamic  mate- 
rial parameters  are  taken  to  be  those  of  the  corresponding  compacted  solid 
material.  When  a disturbance  arrives,  all  voids  collapse,  whereafter  the  mate- 
rial acts  as  an  ordinary  hydrodynamic  fluid.  However,  numerical  or  artificial 
dissipation  serves  to  provide  the  correct  entropy  change,  which  Includes  thet 
due  to  Irreversible  pore  collapse,  so  that  the  Initially  porous  material  has  a 
higher  temperature  and  volume  when  subjected  to  a given  shock  pressure  than  the 
corresponding  Initially  non-porous  material. 

In  a aenaa,  the  above  approach  assumes  that  pora  collapse  occurs  at  negli- 
gible pressures.  To  accommodate  a finite  crush  strength  Into  the  theory, 
Herrmann  [42,  43,  44 1 developed  tha  so-called  p-a  model.  This  Is  sssentlally 
a plasticity  theory  [45  ] In  which  no  shear  stresses  can  be  supported,  but 
plaatlc  volume  strain  can  occur.  Strain  hardanlng  Is  Included  to  account  for 
the  fact  that  an  increasing  pressure  Is  needed  to  reduce  porosity  as  compaction 
proceeds.  Butcher  [46]  has  Incorporated  a Maxwellian  strain  rata  effect  Into 
such  a description. 

Precisely  the  same  results  are  obtained  In  a different  way  by  Seaman 
at  al.  [47,  48]  in  their  rate  Independent  description,  which  relies  on  the 
definition  of  a series  of  equation  of  state  surfaces  to  deacrlbs  elastic  vol- 
ume changes.  Irreversible  pora  collapse,  and  compression  of  the  fully  compacted 
solid. 

Shear  strength  has  been  added  to  such  hydrodynamic  porous  descriptions  by 
simply  adding  an  elastic-plastic  routine  for  the  deviator  stresses.  The  equiv- 
alent yield  surface  In  stress  space  Is  then  a von  Misea  cylinder  with  a flat 
and  cap  on  the  pressure  axis  which  may  move  to  represent  hardanlng  dua  to  pora 
collapse,  lhe  von  Mlses  cylinder  may  also  be  taken  to  strain  harden.  More 
realistic  descriptions  of  shear  strength  of  porous  materials  ara  discussed  in 
tha  next  section,  since  they  were  developed  to  describe  earth  materials,  al- 
though they  may  be  useful  for  other  porous  materials  as  well. 


Rocks  and  Soils 

There  are  several  daacrlptloi  s of  earth  materials  which  have  been  Implemented 
In  stress  wave  programs,  only  tv 3 of  which  will  be  referred  to  hare.  In  tha 
simpler  of  these,  applicable  to  rocks,  tha  deviator  stresses  are  assumed  to  bs 
related  to  the  deviator  strains  up  to  failure,  described  either  by  a nonlinear 
Mohr  failure  criterion,  or  by  a modified  Drucker-Prsger  failure  criterion. 
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Upon  reselling  the  failure  criterion,  the  material  le  considered  to  Se  broken, 
end  the  devlstor  stresses  collapse  to  a lower  Mohr  or  Druckor-Prager  envelope 
which  has  zero  cohesive  strength,  appropriate  to  soils  [49,  50].  Sollt,  of 
course,  begin  with  the  lower  failure  envelope. 

A rather  different  approach,  representad  by  the  soil  cap  or  rock  cap  de- 
scriptions [51,  52,  5)],  uses  the  modified  Drucker-Prager  failure  envelope  an 
a yield  surface.  Upon  reaching  this  envelope,  part  of  the  strain  Is  Irrevers- 
ible plastic  strain.  Since  the  failure  envelope  In  stress  space  la  not  a 
cylinder,  use  of  an  associated  flow  rule  then  Implies  that  there  Is  Irrevers- 
ible plastic  volume  change  whenever  the  failure  envelope  la  reached,  that  Is, 
the  material  la  dllatant.  In  order  to  account  for  the  fact  that  the  material 
may  be  Initially  porous,  and  compact  Irreversibly  under  a hydrostatic  pressure, 
the  failure  envelope  la  closed  on  the  pressure  axis  by  a cap  (usually  an  ellip- 
soid) which  may  move  to  account  for  strain  hardening.  The  soil-cap  and  rock- 
cap  descriptions  have  been  Implemented  in  several  wave  propagation  programs. 
They  have  also  been  extended  to  transversely  Isotropic  materials  [54]. 


Variable  Moduli 

A description  which  has  been  used  chiefly  for  earth  materials  la  the  so-called 
variable  moduli  model  [Jl,  55].  The  materiel  la  described  by  an  Incremental 
Hooke's  law;  however,  tha  bulk  and  shear  moduli  are  allowed  to  be  complicated 
irreversible  functions  of  various  stress  and  strain  measures.  Hystsretlc  be- 
havior In  both  volume  change  and  shear  can  be  allowed;  however,  volume  and 
shear  behavior  are  always  uncoupled,  and  this  description  cannot  acconmodate 
dllatancy.  While  such  a description  is  extremely  flexible.  It  la  difficult  to 
restrict  the  behavior  to  stable  end  physically  realistic  responses. 


Viscoelastic  Materials 

Computational  techniques  for  nonlinear  viscoelastic  materials  have  been  devel- 
oped In  two  different  forma.  Tha  first  Is  that  of  a generalized  Maxwell  mate- 
rial which  allows  both  a nonlinear  strain  dependence  and  a nonlinear  relaxation 
function  [56,  57].  The  other  involves  tha  use  of  tha  theory  of  Internal  state 
variables,  which  can  accommodate  similar  nonllnearltles  [58 ], 


Composites 

There  are  several  descriptions  of  composite  materials  at  different  levels  of 
complexity.  Tha  simplest  Involves  representing  the  composite  by  a homogeneous 
materiel  with  equivalent  properties.  Such  an  "equivalent  modulus”  or  mixture 
theory  uses  soma  weighted  sverege  of  the  properties  cf  tha  components  of  the 
composite  to  represent  tha  properties  of  the  composite.  The  simplest  such 
approach  Involves  neglect  of  shear  strength,  and  uaas  weighted  averages  of  the 
equations  of  state  of  the  components  [59,  60,  23].  Once  the  averaged  proper- 
ties are  obtained,  these  ars  used  In  a hydrodynamic  subroutine  without  modifi- 
cations of  the  routine  being  required. 

Dispersion  of  stress  waves  has  been  accounted  for,  In  the  simplest  de- 
scription, by  means  of  a viscoelastic  formulation.  Bsrker  [61]  has  provided 
the  rational  for  calculating  the  relaxation  time  from  the  geometry  of  the  com- 
posite, and  the  properties  of  the  components,  at  least  for  simple  layered  com- 
posites. More  complex  cosposltss , such  as  fiber  composites,  require  an  empiri- 
cal determination  of  the  relaxation  time.  Ones  the  material  parameters  are 
determined,  these  are  used  in  a viscoelastic  subroutine  [56]  without  further 
modification.  An  extension  to  Include  shaar  strength  of  tha  components  has 
also  been  made  [62]. 

Another  approach  to  dispersion  has  been  developed  by  Drumheller  [63].  The 
composite  Is  modelled  as  a aeries  of  alternating  layers  with  different  proper- 
ties. Using  linear  elastic  theory,  layer  dimension!  and  properties  are  chosen 
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so  that  the  dispersion  and  absorption  spectra  measured  for  the  real  composite  to 
be  modelled  are  obtained.  The  layers  of  this  "equivalent  composite"  are  then 
modelled  in  the  calculation  by  assigning  to  adjacent  columns  of  computational 
meshes  the  properties  of  the  layers.  By  using  hydrodynamic,  elastic-plastic  or 
viscoelastic  descriptions  for  one  or  more  of  the  layers,  various  kinds  of  non- 
linear behavior  can  be  added  to  the  geometric  dispersion.  Again,  no  special 
material  subroutines  are  required  beyond  those  already  described  previously. 

Two  descriptions  of  composites  cannot  be  introduced  easily  Into  general 
stress  wav  j programs;  both  have  been  Implemented  in  special  purpose  codes. 

The  SPADES  £ program  utilises  Bloch  sinusoidal  wave  modes,  which  are  found 
using  a single  unit  cell  of  the  composite,  and  superposes  them  by  Fourier 
series  in  time  to  calculate  the  transient  response  of  slabs  to  surface  loads. 

The  TINC  [65,  66]  program  considers  a mixture  of  Interacting  contlnua,  In 
which  the  geometrical  arrangement  of  the  various  components  Is  not  explicitly 
considered,  but  is  Implicit  in  the  selection  of  the  interactions  between  the 
constituents.  These  Interactions  are  modelled  as  body  forces  and  energy  trans- 
fer processes  influencing  the  motion  of  constituents. 


Material  Failure 


Failure  descriptions  have  received  relatively  less  attention,  although  a num- 
ber have  been  incorporated  into  various  programs.  There  are  some  features 
which  must  be  provided  in  the  programs  from  the  outset  to  allow  realistic  open- 
ing and  closing  of  voids  resulting  from  fracture;  these  cannot  be  added  later 
with  limited  effort.  Once  these  features  have  been  provided,  however,  the 
criteria  for  fracture  may  be  easily  changed. 

In  one-dimensional  Lagranglan  methods,  several  programs  allow  for  separa- 
tion of  the  material  to  form  new  free  surfaces  when  a failure  criterion  la 
satisfied.  These  surfaces  may  later  collide  and  separate  as  demanded  by  the 
dynamics.  Such  a feature  is  referred  to  as  a epall-and-Joln  routine.  In  multi- 
dimensional Lagranglan  methods,  the  use  of  sliding  interfaces  in  conjunction 
with  rexones  nay  be  used  to  provide  free  surfaces,  with  or  without  tangential 
friction,  when  a failure  criterion  Is  satisfied,  In  two  or  three  dimensions, 
of  course.  Information  as  to  the  orientation  of  the  fracture  la  required,  so 
that  the  new  free  surfaces  can  be  oriented  correctly.  This  Information  nay  be 
provided  by  the  failure  criterion.  Alternatively,  the  problem  may  be  run  be- 
yond the  point  at  which  the  failure  criterion  la  first  exceeded,  without  pro- 
viding free  surfaces  or  stress  relief.  After  several  computational  meshes 
excaad  the  failure  criterion,  the  problem  Is  stopped  and  the  operator  makes  a 
decision  as  to  where  free  surfaces  are  to  be  Introduced.  A sliding  interface 
is  than  introduced,  and  the  problem  Is  restarted  from  an  earlier  problem  time 
prior  to  the  failure  criterion  being  sxcssded.  Aa  the  problem  proceeds,  the 
fracture  develops  end  may  tend  to  extend.  The  problem  nay  be  stopped  perlort- 
lcally , and  the  position  of  the  unseparated  portion  of  the  sliding  Interface 
nay  be  adjusted  toward  the  direction  of  nsshss  which  are  exceeding  the  failure 
criterion.  If  the  initial  choice  of  location  wee  Incorrect.  Obviously,  the 
provision  of  new  free  eurfaces  or  eliding  Interfaces  affects  the  basic  logic 
of  the  computer  program,  and  It  le  extremely  difficult  to  provide  thle  feature 
If  the  originator  hsa  not  provided  It. 

More  elmpllfled  treatments  have  bean  used  in  programs  which  do  not  allow 
the  actual  opening  of  voids.  The  simplest  merely  limits  tbs  maximum  hydro- 
static tension  which  the  material  can  sustain.  Whenever  the  constitutive  re- 
lation would  Indicate  that  the  hydrostatic  pressure  should  be  lees  than  the 
limit  (pressure  positive  in  cospresslon) , the  pressure  Is  set  to  the  limit, 
taking  care,  however,  that  energy  ie  properly  conserved,  Those  computational 
mashes  which  reach  this  criterion  then  tend  to  expand.  In  s refinement  of  this 
method,  the  tensile  strain  Is  monitored.  Fracture  is  regarded  to  be  complete 
if  a critical  tensile  strain  le  exceeded.  No  free  surfaces  are  introduced,  and 
the  post-failure  behavior  may  not  be  represented  correctly,  but  this  criterion 
does  provide  a rough  Indication  of  the  Integrity  of  the  material  following  the 
motion. 
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A similar  criterion  involves  the  use  of  the  maximum  tensile  principal 
stress.  When  this  exceeds  some  fixed  value,  fracture  la  considered  to  have 
occurred.  The  maximum  tensile  principal  stress  may  then  be  limited  to  a criti- 
cal value,  usually  aero.  While  considerable  computation  la  required  to  find 
the  principal  stresses,  and  after  fracture  has  occurred,  to  find  the  limited 
stress  components  In  the  computational  coordinate  system,  euch  a procedure  does 
allow  anisotropic  modification  of  material  strength  upon  fracture. 

Alternatively,  free  surfaces  can  be  introduced  upon  reaching  the  maximum 
tensile  stress.  Sometimes  It  la  considered  that  the  fracture  will  run  normal 
to  the  maximum  principal  stress  direction  to  guide  the  location  of  the  free  sur- 
faces. Variations  of  this  type  of  critical  fracture  criterion  involve  the  uae 
of  a Mohr-Coulomb , or  nonlinear  Mohr  failure  criterion,  the  direction  of  the 
fracture  sometimes  being  taken  to  be  given  by  the  Coulomb  fracture  angle.  Many 
variations  of  these  critical  stress  criteria  have  been  used. 

Critical  stress  criteria,  such  aa  those  above,  do  not  reflect  a time  de- 
pendence of  the  fracture  process.  Cumulative  damage  criteria  were  developed  by 
Butcher  and  Tuler  [67 ],  In  which  some  function  of  the  stress  (In  excess  of  a 
tensile  threshold  stress)  la  Integrated  In  time  for  each  computational  mesh. 

When  the  integral  reaches  a critical  value,  fracture  la  considered  to  have 
occurred.  A more  complicated  theory,  In  which  the  rate  of  damage  accumulation 
at  any  given  time  Is  taken  to  be  a function  of  the  damage  which  has  accumulated 
up  to  that  time  has  bean  developed  by  Davison  and  Stevens  [68].  An  even  more 
complicated  theory  in  which  the  crack  length  and  orientation  distributions  are 
followed  in  time  has  bsen  developed  by  Seaman  at  al.[69].  Each  of  theae  fail- 
ure criteria  requires  the  provision  of  one  or  more  Internal  history  variables 
to  describe  the  development  of  fracture.  The  last  two  approaches  also  provide 
the  framework  for  the  progressive  anisotropic  modification  of  material  strength 
due  to  developing  fractures,  prior  to  complete  separation,  although  they  have 
not  been  fully  Implemented  In  multi  dimensional  programs. 


COMPUTER  PROGRAMS 

A very  large  number  of  finite-difference  computer  programs,  suited  to  the 
analysis  of  transient  shock  problems,  have  bean  developed.  Many  of  these  were 
developed  In  the  nuclear  weapons  laboratories  of  the  Atomic  Energy  Commission, 
or  the  Department  of  Defense  laboratories  and  their  contractors.  Many  of  these 
programs  were  intended  for  the  solution  of  vary  specific  problems;  often  user- 
oriented  documentation  hat  baen  skimpy  or  absent.  Although  some  of  these  pro- 
grams have  been,  and  continue  to  be,  extended  to  other  problems,  they  are  dif- 
ficult to  transmit  to  and  be  used  by  others  than  their  originators.  However, 
a few  programs  have  been  developed  continuously  for  a long  tins,  soma  of  then 
for  wall  over  s decade,  and  have  acquired  In  this  time  very  flexible  features 
and  reasonably  good  docmaentatlon  so  that  they  can  be  applied  with  little  or  no 
modification  to  a broad  epectrun  of  problems.  In  order  to  render  this  review 
useful,  a faw  of  the  moat  widely  used  of  these  programs  have  bean  selected  for 
Inclusion  hare,  principally  on  the  basis  of  their  generality  and  completeness 
of  documentation.  Some  other  less  widely  used  programs  with  similar  features 
are  mentioned  in  passing.  No  attempt  has  been  made  at  completeness;  the  selec- 
tion given  here  Is  based  on  a subjective  Judgment, 

It  Is  quite  possible  that  computer  programs  exist  which  will  handle  soma 
specialised  problems  more  effectively  than  the  general  purpose  programs  which 
are  in  Appendix  I.  However,  the  general  purpose  programs  are,  by  virtue 
of  constant  use,  relatively  free  of  programing  errors,  and  in  soma  cases  ra- 
eults  obtained  by  thalr  uae  have  been  conpared  very  extensively  with  exact 
analytical  solutions  and  experimental  data.  The  decision  to  search  for  a 
special  purpose  program,  or  to  develop  a new  one,  which  is  clesaly  matched  to 
the  particular  problem  which  the  user  may  have,  must  bs  based  on  aconoadca. 

The  user  must  often  complete  debugging,  documentation,  aad  experimental  valida- 
tion of  the  program  before  he  can  use  It  with  confidence,  the  cost  of  which 
must  be  balanced  against  the  possible  cost  of  extra  computing  time,  if  any, 
used  in  completing  the  project  with  a well-developed  general  purpose  program 
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which,  In  soma  Instances,  may  ba  somewhat  leas  efficient.  Obviously,  no  hard 
and  faat  rules  can  be  given;  howevar,  the  potential  user  who  has  not  previously 
engaged  extensively  In  the  development  of  similar  programs  would  perhaps  be 
well  advised  to  gain  experience  with  well-developed  software  before  embarking 
on  an  ambitious  program  modification  or  development  effort. 

Most  of  the  general  purpoae  programs  referred  to  below  continue  to  be  In 
active  development  at  tha  time  of  this  writing.  In  most  Instances  features 
which  are  not  deacrlbed  In  the  documentation  of  the  program  have  been  added 
by  the  originator.  This  la  particularly  true  of  material  constitutive  equa- 
tions, Initialization  options,  boundary  condition  routines,  prescribed  radia- 
tive heat  source  or  body  force  routines,  output  options,  etc.  New  problems 
sometimes  require  a slight  modification  of  the  program,  particularly  for  multi- 
dimensional casaa,  and  tha  program  developer  la  constantly  making  such  modifi- 
cations during  tha  lifetime  of  the  program.  It  la  always  advisable  to  consult 
the  originator  if  some  feature  la  required  which  la  not  deacrlbed  In  tha  pub- 
lished documentation.  If  the  originator  has  not  already  developed  the  desired 
feature,  he  may  ba  able  to  add  It  with  trivial  or  very  modest  effort. 

Although  tha  technical  cosmunlty  la  quite  fluid,  the  praaent  names  and 
addresses  of  Individuals  rssponsibla  for  the  prograaw  are  listed  In  Appendix 
II.  As  well,  references  to  the  program  documentation  are  given.  The  authors, 
or  In  their  absence,  tha  organisations  with  whom  they  were  affiliated,  can  be 
contacted  for  further  details.  Sines  there  have  been  several  Important  changes 
In  program  dissemination  channels  and  restrictions  recently,  the  availability 
of  each  of  these  programs  la  subject  to  change.  The  dissemination  of  certain 
programs  developed  by  or  on  contract  to  some  government  agencies  are  subject  to 
certain  restrictions;  at  least  one  set  of  programs  is  proprietary  and  their  use 
is  merchandised.  Again,  tha  authors  or  thalr  organisations  should  be  consulted 
In  each  case  regarding  current  procedures  affecting  program  dissemination. 


Ona-Dlmanslonal  Lagranglan  Methods 

As  has  besh  mentioned,  moat  ona-dimanslonal  general  purpose  programs  ere  based 
on  the  Legranglan  description,  utilising  dissipation,  either  artificial  or 
numerical,  to  spread  dlscontlnultlas  into  continuous  profiles.  In  order  to 
follow  transient  shock  problems,  these  methods  require  several  times  10*  compu- 
tational meshes,  Irrespective  of  their  nominal  order  of  accuracy.  Frequently, 
up  to  101  meshes  ara  used  to  provide  sufficient  resolution.  Since  most  pro- 
grams store  between  10  and  20  varlablss  per  meahpolnt,  computer  storage  require- 
ments are  on  the  order  of  10*  to  10*  words,  excluding  instructions.  About  as 
many  time  cycles  era  required  as  spatial  meshes  in  order  to  propagate  a dis- 
turbance once  across  the  computational  grid,  irrespective  of  numerical  method 
If  resolution  is  to  be  maintained.  Consequently,  from  104  to  10*  Individual 
mash  point  calculations  are  required.  Efficient  algorithms  used  on  modern 
large  high  speed  computers  (e.g.,  CDC  6600)  are  capable  of  several  times  10* 
mesh  point  calculations  per  hour  of  C.F.  time;  running  times  from  several 
minutes  to  several  hours  are  typical  with  all  of  these  programs,  depending  on 
the  cosq>lexlty  of  the  problem  and  the  length  of  problem  time  during  which  the 
motion  la  to  be  followed. 

Programs  Incorporating  material  strength  (i.e.,  tensor  stress  and  strain 
measures)  grew  from  earlier  hydrodynamic  methods.  Tha  earliest  documentation 
of  these  appears  to  be  that  of  tha  R0  program  [34],  in  which  an  elastic- 
plastic  material  description  was  Introduced  by  i960.  While  not  Itself  well 
documented,  It  Influenced  many  subsequent  programs.  One  of  the  earliest  of 
these  was  the  WAVE  program  [70],  which  subsequently  was  developed  Into  tha 
W0NDT  series  [31],  Others  era  the  SOC  code  [49,  72]  and  tha  PISCES  1DL  code 
[73]i  the  latter  being  available  commercially.  A somewhst  similar  program  Is 
CHAKT-D  [27]  which  also  Includes  thermal  conduction  and  radiation  diffusion 
effects.  Each  of  these  programs  has  capabilities  of  treating  a vary  wide 
variety  of  Initial  and  boundary  descriptions,  can  handle  rectangular,  cylindri- 
cal and  spherical  symmetries,  and  has  had  a very  wide  variety  of  material  de- 
scriptions Implemented. 
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Another  serlea  of  prograna  which  grew  fron  earlier  hydrodynamic  program* 
la  the  PUFF  series,  which  had  alaatlc-plaatlc  deacrlptlona  added  In  1966  [74]. 

A large  number  of  PUFF  programa,  all  derived  from  a common  anceator,  flourlahed 
at  one  time;  aome  of  theaa  remain  In  uae.  They  were  dealgned  primarily  for 
aolvlng  problema  of  dynamic  mechanical  reaponae  excited  by  radiation  or  by 
plate  Impact;  consequently , they  are  not  capable  of  treating  aa  wide  a variety 
of  Initial  and  boundary  condltlona  ae  the  programa  referred  to  above.  Indepen- 
dent developaenta  motivated  by  the  aame  claaa  of  problema  led  to  the  RIP  code 
[75],  and  the  SRI  PUFF  code  [76],  which  contain  vlecoplaatlc,  poroua  and  mixed 
phaae  material  deacrlptlona. 

An  Important  development  which  offer*  algnlflcant  computer  time  aavlnga 
for  many  probleaw  la  reeonlng.  By  raarranglng  tha  computational  grid  aa  the 
computation  proceeds,  amaller  meahea  can  be  provided  In  propagating  region*  of 
high  gradient  while  larger  meahea  are  uaed  In  relatively  quiescent  region*. 

For  aome  problems,  computer  tlmee  can  b*  reduced  by  an  order  of  magnitude  with- 
out algnlflcantly  degrading  the  accuracy  of  tha  aolutlon.  The  WONDY  IV  [77] 
program  Incorporate*  a rezonlng  routine  baaed  on  subdividing  or  combining  compu- 
tational meshes  which  requires  no  knowledge  of  the  direction  in  which  waves  are 
propagating,  and  can  handle  any  number  of  wave*  moving  in  both  directions. 

Somewhat  more  restricted  rezonlng  routines  are  available  In  the  PISCES  1DL  and 
Puff  programs. 

Most  of  the  remaining  very  large  number  of  extant  one-dimensional  Lagran- 
glan  programs  are  either  poorly  documented,  are  dealgned  to  solve  a very  speci- 
fic problem  type,  or  both.  Tha  general  purpose  program*  mentioned  ebove  can 
solve  elmoat  all  of  tha  problema  for  which  tha  special  purpose  prograau  ware 
developed,  and  consequently,  extensive  tabulations  of  the  latter  will  not  ba 
made. 

1 

Two-Dimensional  Lagranglan  Methods 

Two-dimensional  Lagranglan  methods  are  similar  to  ona-dlmenslonal  methods  in 
resolution.  In  order  to  follow  transients,  they  also  require  on  tha  order  of 
10*  computational  mashes  In  each  dlre-tlon,  or  on  the  order  of  104  meshes  total. 

It  Is  not  unusual  to  run  problem  with  20,000  or  more  meshes.  With  somewhat 
more  variables  par  mesh  point,  computer  storage  requirements  may  be  several 
times  10*  words,  excluding  program  Instructions.  Consequently,  well  developed 
programa  utilize  peripheral  storage  devices,  with  ordered  access  to  stored 
variables  and.  If  necessary,  buffering.  Since  ■>■10*  time  cycles  are  required  to 
propagate  a pulse  once  across  the  computational  grid,  the  number  of  individual 
aeah  point  calculations  may  ba  between  10*  to  10'  { computer  running  times 
(CDC  6600  class)  of  from  1 to  20  hours  per  problem  are  common. 

Elastic-plastic  two-dimensional  Lagranglan  programa  ware  developed  by  tha 
early  1960's,  TENSOR  [78]  and  HEMP  [33,  79]  balng  among  tha  first.  The  latter 
strongly  Influenced  tbs  RAVE  [go]  cods  which  subsequently  developed  Into  the 
TOO  BY  [81,  82]  series.  TENSOR  was  developed  originally  for  calculating  ground 
shock  from  large  explosion*  and  emphasized  earth  material  models.  It  Is  less 
well  documented  than  some  others.  HEMP  and  TOODY  contain  extremely  flexible 
Initial  and  boundary  condition  specifications,  have  fully  developed  (although 
soawvhat  different)  sliding  Interface  and  rezona  options  as  well  as  interactive 
and  passive  graphical  displays,  and  have  had  a wide  variety  of  material  models 
Implemented  In  them.  Both  handle  rectangular  and  cylindrical  symmetries,  and 
both  are  reasonably  well  documented  and  accessible,  A niaabar  of  other  programs 
have  been  based  upon  the  HEMP  formulation,  The  best  documented  of  these  la 
PISCES  2DL  [83],  which  la  available  commercially,  and  which  contains  moat  of 
the  Important  feature*  described  above. 

Several  other  version*  exist;  SHIP  la  the  varalon  active  at  Shock  Hydro- 
dynamics Division,  Uhlttakar  Cory.,  Sherman  Oaks,  California,  while  earlier 
versions  termed  CRAM  [84 ]»  TEDDY  [83 ] and  others  have  existed  elsewhere.  Most 
of  these  are  either  poorly  documented  and  relatively  Inaccessible,  or  era  no 
longer  active,  A quite  separate  development  at  Los  Alamos  Scientific  Labora- 
tory lad  to  the  P.  MAC  El  program,  which  acquired  a material  strength  descrip- 
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tlon  In  the  late  1960's|  however,  this  program  la  not  documented.  The  programs 
deacrlbed  In  the  prevloue  paragraph  are  capable  of  handling  virtually  all  of 
the  problem  types  which  these  other  codes  address,  and  their  superior  documen- 
tation and  availability  makaa  them  prafarable  for  the  potential  user. 


Two-Dimensional  Eulerlan  Methods 

Two-dimensional  Eulerlan  methods  are  roughly  similar  to  tvo-dlmenslonal  Lagran- 
glan  methods  In  their  demands  upon  machine  time  and  storage,  since  these  de- 
mands are  predicated  on  resolution  In  dlscretlsed  space  and  time  to  a greater 
extent  than  on  the  particular  masarlcal  method  being  used.  Eulerlan  methods  do 
tend  to  require  more  computational  meehea  than  Lagranglan  methods  for  a given 
resolution,  since  the  computational  grid  must  extend  over  all  of  the  apace  Into 
which  materials  may  move.  The  extra  computational  time  required  to  handle  the 
greater  number  of  mashes  Is  usually  more  than  offset  by  the  lack  of  the  neces- 
sity to  resone  due  to  mesh  distortion,  required  by  Lagranglan  methods  when 
large  distortions  occur. 

Early  Eulerlan  programs  treated  materials  In  the  fluid  approximation. 
Apparently  the  first  to  achieve  a tansorlal  representation  of  material  strength 
was  the  OIL  code  [86]  in  versions  named  RPM  [87]  and  DORP  [88].  The  appearance 
of  convective  terms  in  the  time  derivatives  of  the  differential  equations  makes 
the  numerical  algorithms  of  Eulerlan  methods  more  complicated  than  their  Lagran- 
glan counterparts.  These  codes  employed  a two-step  procedure.  The  first  cor- 
responds to  a Lagranglan  calculation,  while  the  second  handles  convection  across 
Eulerlan  mesh  boundaries.  Eulerlan  meshes  which  straddle  material  Interfaces 
are  considered  to  contain  mixtures  of  materials,  and  mass  averaging  of  compo- 
nent properties  la  used  to  describe  the  mixed  cell  quantities.  A program  de- 
rived from  these  Is  the  HELP  coda  [89]  In  which  massless  tracer  particles  are 
used  to  define  material  surfaces  and  Interfaces  In  order  to  define  mass  ratios 
In  mixed  mnahes.  A somewhat  similar  but  undocumented  program  Is  the  SHEZAM 
code  In  use  at  Shock  Hydrodynamics  Division,  Whittaker  Corp. , Sherman  Oaks, 
California.  An  Independently  developed  Eulerlan  program  with  extended  capabili- 
ties Is  the  CSQ  code,  which  has  recently  been  fully  documented  [90].  In  this 
program,  mixed  mashes  are  treated  by  defining  volumes  of  component  materials. 
Mashes  may  be  partially  filled  by  defining  void  volumes,  allowing  treatment  of 
porous  materials,  open  Interfaces,  or  crack  formation  which  Is  difficult  or  Im- 
possible with  other  methods.  The  above  programs  all  contain  flexible  Initial 
condition  options,  extensive  plot  and  display  options,  and  have  had  several 
material  models  Implemented  In  them. 

A program  In  which  the  material  convective  terms  are  hsndlsd  with  second- 
order  accuracy  Is  the  SMITE  code  [91,  92].  Surfaces  and  interfaces  are  treated 
explicitly  as  singular  surfaces  moving  through  the  Eulerlan  computational  grid. 
Elastic-plastic  and  explosive  material  models  have  been  Incorporated,  although 
very  flexible  initial  conditions  have  not  yet  been  fully  Implemented. 


Other  Two-Dimensional  Methods 

Programs  which  utilise  arbitrarily  convected  coordinates  are  the  AFTON  stales; 
AFTON  2A  [93  ] Is  a two-dimensional  cyllndrlcally  syseietric  coda  Including 
elastic-plastic  material  descriptions,  while  AFTON  2P  [94]  treats  rectangulsr 
symmetry.  These  programs  are  similar  to  Eulerlan  programs  in  that  convective 
terms  are  included,  but  the  computational  grid  may  move  In  any  manna,  prescribed 
by  the  user.  A program  In  which  consistent  nominally  second-order  accurate 
algorithms  are  applied  directly  to  the  convective  terma  Is  the  ADAM  code  [ 95] . 
While  theee  programs,  In  principle,  provide  the  user  great  flexibility  In  opti- 
mising the  use  of  the  computational  grid  during  the  calculation,  algorithms  for 
moving  the  mesh  to  utilise  this  flexibility  have  not  been  forthcoming,  and  these 
programs  have  been  predominantly  used  In  the  Lagranglan  or  Eulerlan  sodas. 

Of  various  hybrid  methods,  the  only  onas  Which  appear  to  be  applicable  to 
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a variety  of  problem  types  are  the  so-called  coupling  codes  which  accept  output 
from  one  code,  typically  an  Eulerlan  code,  and  transform  the  data  to  Input  for 
another  type,  typically  a Lagranglan  code.  Several  ot  theaa  exist;  documented 
versions  are  the  SHAPE  code  [17]  which  transforms  output  from  an  Eulerlan  hydro- 
dynamic  code  EPIC  to  Input  for  the  SHEP  code  mentioned  above,  and  the  TOTEN 
code  [18]  which  transforms  output  from  the  Eulerlan  hydrodynamic  OIL  code  to 
Input  to  the  TENSOR  code,  both  of  vhlch  have  been  mentioned  previously. 


Three-Dimensional  Methods 


a 


Several  three-dimensional  programs  have  been  written.  However,  at  this  stage 
of  development  of  computer  hardware,  they  are  marginally  useful  for  transient 
stress  pulse  problems.  Irrespective  of  the  numerical  method  used,  the  previous 
arguments  on  discretisation  (without  shock  fitting)  Imply  that  at  least  10J 
computational  meshes  are  required  In  each  coordinate  direction  If  any  resolu- 
tion la  to  be  retained.  This  would  Imply  use  of  -10*  total  computational 
meshes.  Corresponding  coaputer  storage  lequlrenenta  would  be  several  times  107 
words,  while  computer  running  times  (CDC  6600  class)  would  be  on  the  order  of 
100  hours.  Understandably,  three-dimensional  codes  have  been  applied  chiefly 
to  quasi-static  problems  where  solutions  are  very  smooth  and  sharp  pulses  re- 
quiring high  resolution  do  not  occur,  so  that  an  order  of  magnitude  less  compu- 
tational meshes  could  be  used.  Alternatively,  three-dimensional  codes  have 
been  applied  to  vary  simple  Initial  and  boundary  problems,  with  the  expectation 
that  relatively  crude  results  would  be  obtained. 

The  Lagranglan  HEMP  code  has  been  extended  to  three  dimensions  In  HEMP  3D 
[96 ].  Similarly  the  Eulerlan  OIL  code  has  been  extended  to  three  dimensions  In 
TRIOIL  [97],  although  this  code  has  not  yet  baan  extended  to  a full  tensorlal 
treatment  of  material  strength.  Several  other  three-dimensional  codes  have 
been  written  for  rather  specific  problems,  although  they  ara  poorly  documented, 
if  at  all,  and  one  or  two  efforts  are  currently  underway  to  develop  additional 
three-dimensional  programs,  but  these  are  not  yet  to  the  point  of  having  pro- 
duced user  oriented  software. 
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INTRODUCTION 

The  ciaaa  of  tine  dependent  aaterlel  properties  which  le  considered  in  thla 
chapter  Is  the  one  repreaented  by  the  Boltimann  superposition  lew  or  the 
Duhancl  Integral,  Due  to  the  hereditary  Integral  fora  of  the  pertinent 
constitutive  equations.  It  la  frequently  conceived  that  the  solution  should 
depend  on  all  preceding  tine  steps,  thereby  tracing  out  the  entire  past  his- 
tory of  the  deformation.  This  la  the  case  when  continuous  relaxation  and/or 
creep  function  spectre  are  assumed . By  dlecretlxlng  the  spectra,  however, 
an  alternative  analysis  procedure  Is  evolved  which  requires  surely  the  In- 
formation of  the  state  at  the  currant  time,  l.e.  immediately  before  the  com- 
putation of  the  succeeding  step.  The  discretisation  la  equivalent  to  the 
representation  of  the  time  dependent  property  by  the  Prony  series  or  the  use 
of  the  general lied  Maxwell  and/or  Voigt  (Kelvin)  mechanical  models . 

Although  almost  all  of  the  applications  of  tha  mechanical  models  so  far 
are  confined  to  plastics,  recent  experimental  rasulta  suggest  that  they  are 
appropriate  even  for  metals.  In  thla  chapter  the  mathematical  structure  of 
the  theory  of  viscoelasticity  Is  Initially  reviewed  In  the  dlscretlxed  form 
for  tha  uniaxial  loading  case.  The  constitutive  aquation  la  then  extended 
to  the  multlaxlal  stress  field.  Not  only  the  transient  phenomena,  but  also 
the  harmonic  responses  are  considered,  end  It  Is  shown  that  tha  formulation 
which  assumes  that  the  creep  potential  can  ba  Included  in  the  mechanical 
model  theory  Is  a special  case. 

Several  computer  progress  have  been  developed  specifically  for  perform- 
ing viscoelastic  structural  analysis  and  a survey  of  them  was  prepared  by 
Gupta  at  al.  In  1974  (1).  As  pointed  out  In  the  survey,  some  of  the  visco- 
elastic analysis  capabilities  are  "epln-offe"  of  larger  general  multipurpose 
computer  programs.  As  most  of  the  nonlinear  analysis  programs  ere  still  In 
the  development  stage,  this  chapter  la  Inclined  to  the  theoretical  aspect  of 
the  topic. 


NOMENCLATURE 

a ■ Superscript  Identifying  apparent  etress  or  related  quantities 
c ■ Superscript  for  creep  component 
C - Compliance  or  reciprocal  of  Young's  modulus 
C(t)  « Creep  compliance 

C(Ju)  * Complex  compliance 

(C(w)]  ■ Viscous  daaplng  natrlx 

D * Stiffness 

{0}  - Stress-strain  or  stlffneae  natrlx 

a • Superscript  for  elastic  component 

E ■ Young's  modulus 
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Relaxation  nodulua 
Complex  nodulua 

Subscript  Identifying  nodal  conatant  for  the  alnple  Maxwell 
element  in  generallxad  Voigt  model 

Nodulua  of  rigidity,  or  aubacrlpt  for  ahearing  component 

Subscript  indicating  ganarlc  component  of  nechanical  model 

Unit  matrix 

Inag lnary  unit 

Element  atlffneaa  matrix 

Bulk  nodulua,  or  aubacrlpt  for  volumetric  component 
Aaaenbled  overall  atlffneaa  matrix 

Superacript  for  volumetric  component  of  atreaa  and  strain 

Element  naaa  matrix 

Aaaenbled  overall  naaa  matrix 

Superacript  for  plastic  conponant 

Element  nodal  forca 

External  load  vector 

Element  nodal  displacement 

Overall  nodal  displacement  vector 

Time 

Relaxation  or  retardation  tine,  or  temperature 

Superscript  for  davlatorlc  conponant  of  atreaa  and  atraln 

Superscript  indicating  complax  stress  and  strain  amplitude 

Delta  function 

Strain  and  atraln  vector 

Equivalent  atraln 

Strain  vector ;undarllne  indicating  the  shear  components  are 
tensor  quantities,  not  the  ones  of  engineering  definition 
Coefficient  of  viscosity 
Critical  damping  ratio 

Reduced  time  of  thermo-rhaologlcally  simple  material 

Stress  and  atreaa  vector 

Equivalent  stress 

Relaxation  function 

Shift  function 

Matrix  composed  of  column  eigenvectors 
Tranapose  of  (♦) 

Creep  function 
Circular  frequancy 


THEORY  OF  VISCOELASTICITY 


Constitutive  Equation  in  Integral  Forma 

The  principle  of  Boltnann  superposition  or,  equivalently,  the  hereditary 
Integral  is  axpreaaad  as  follow*  [2-5] : 


o(t)  - 1*4^  l*0  + ne«(t-t)  + ♦(t-T)Jdt 


or 

c(t)  - [C#+  — + *(t-T)]dt 

~a§  ® 

When  the  relaxation  function  +(t)  is  approximated  by  the  Prony  series 


\ 


(1) 

(2) 
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4<t)  - l E exp(-t/T.)  (3) 

i 1 1 

the  following  relation  is  obtained  for  a unit  step  strain  Input  c(t)  - l(t) 


o(t)  - E(t)  - Efl  + n0«(t)  + l Ej  expt-t/Tj) 
Alternatively,  whan  the  retardation  or  creep  function  ie  approximated  by 


W 


*(t)  - l C [l-exp(-t/T  ))  (5) 

1 1 

the  lndiclal  (train  reaponae  for  a unit  stap  stress  o(t)  * l(t)  Is  expressed 
by 


e(t)  • C(t> 


C + ■-  + l C [l-exp(-t/T  )] 

® 4 


(6) 


E(t)  of  Eq.(4)  and  C(t)  of  Eq.(6)  are  called  the  relaxation  modulus  and  creep 
compliance  respectively. 

In  tha  mechanics  of  solids,  the  viscosity  n0  in  Eq.(4)  which  Is  con- 
nected with  the  delta  function  d(t)  Is  disregarded,  so  that  the  relaxation 
modulus  reduces  to 


E(t)  • Eo  + l E1  exp(-t/Tj)  (7) 

or  Eq.  (7)  Is  regarded  as  the  degenerate  case  of  the  relaxation  modulus 

E(t)  - E axp(-t/T  ) + l E exp(-t/T  ) (g) 

0 o ^ * * 

whan  1/T  tends  to  sero.  It  can  be  verified  that  Eq.(8)  represents  the 
stress  relaxation  characteristics  of  tha  generalised  Harwell  model  of 
Fig. 1(a).  Similarly  Eq. (6)  represents  the  creep  characteristics  of  the  gen- 
eralised Voigt  model  of  Fig. 1(b). 

Differential  Forms 

Whan  the  relaxation  and/or  creep  function  spectra  are  dlscretised,  the  differ- 
ential forms  of  the  constitutive  aquation  for  the  viscoelastic  material  can  be 
obtained  conveniently  by  representing  the  behavior  with  mechanical  models. 
Thus  for  the  generalised  Maxwell  model  of  Fig.  1(a) 


6o  “ 'o*  - °o/To>  *1  * *ll  - °1/T1 
Therefore,  the  total  strain  and  strass  rata  aquation  is 

* - *0  + I -<*0  ♦ I V*  " VTo  + \ W »> 
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Similarly,  for  the  generalized  Voigt  material 

4g ' V + o/V  'l  ‘ o/ni  ‘ £i/Ti 

The  total  strain  and  stress  rate  equation  is 


Solving  for  o 


l ^ 

i Ti 


(10) 


(ID 


Equations  (9)  and  (11)  can  be  put  together  in  the  form  of 


_e. 

- D E 


(12) 


% ^ 8 


9 V V 
1 


cn 

8 g 


Ei  ^ Ci  P T^C^ 


} 


(b) 


Fig.  1 Mechanical  models  of  viscoelastic  uterials. 

(a)  Generalised  Maxwell  model;  (b)  Generalised  Voigt  or  Kelvin  model 


D®  represents  the  elastic  constant  and  4s  is  the  apparent  stress  term  due  to 
the  viscous  component  in  the  mechanical  models.  It  should  be  noted  that  Eq. 
(8)  and  Eq.(8)  are  the  solutions  of  Eq.(9)  and  Eq.(10)  respectively  for  the 
streln  and  atress  input  given  by  the  step  function. 


Harmonic  Response 


The  responee  of  the  generalised  Maxwell  model  to  sinusoidally  varying  strain 
input  e ■ e*  exp (Jut),  or  the  steady  state  solution  of  Bq.(9)  under  forced  os- 
cillation, can  be  expressed  by 


E(Ju) 


uJT  2 u2T1J  / wT 

■ + 5Ei  T+u^rT  + 

Oil  0 


' 
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E(Jui)  la  called  tha  complex  modulua.  Slallarly  the  complex  compliance  of 
the  generalized  Voigt  model  can  be  obtained  aa  follower 


:(Ju)  ' Jr  " (cg  + [ 1^7)  • + \Ci 


(14) 


Generalization  to  Multl-Axlal  Streaa  Field 

The  extenalon  of  the  differential  conetltutlva  aquation  Eq.(9)  for  the  uni- 
axial loading  caae  of  the  generalized  Maxwell  material  to  a three-dlaenalonal 
atraaa  field  la 

{0}  - <[D0]  +J  ID1]){£>  - <ITo]_1  taQ)  + ^ [Tj]"1^})  (15) 


where  [Tl-1  denoted  by  aubacript  o or  1,  la  given  by 


(Tf1-  -I 


% 


r V2tk 
VTr  V2tk 
VT*  Vs*  V2tk 


Sym. 


3T. 


X 

0 3T_ 


3T. 


K J 


l*r‘(a)-f  (rf  >+£-{"> 

TC  *K 

It  la  aaaumad  that  tha  material  la  leotroplc.  Similar  extenalon  of  Eq.(ll) 
tor  tha  generalized  Voigt  material  to  three  dlmanelone  la 

- rc.r'n,  - (j- . J- $£),.•,  - (£  * £ j 

•'t 


.1 
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:C(jU)]-Jg 


2CK(ju)+6CG(j(1j)  Syi 

2CK(Ju)-KG(Ji,i)  2CK(JU)+6CG(J(1)) 

: 2CK(ju,)-3Cc(j(1))  2CK(.1(1,)-3CG(jlll)  2CK(jal)+6CG(ju>) 


0 lBCgOu) 

0 0 18Cc(Ju) 

0 0 0 18Cc(ju) 


Relation  to  Craap  Potential  Law 

The  conatltutiva  equation  (16)  ia  aolvad  for  the  atraln  rata  to  give 


(e)  - [Cgl(o}  + lr,g]'  (o)  + £ K1'  {o>  ‘ I tTi]"  <‘1}  ( 

The  axpreaaion  for  ( T^l” 1 ia  aa  given  in  Sq.(15)  and  [n]~ 1 , denoted  with 
aubacrlpt  g or  1,  la  given  by 

♦ / Syn.  ' 

K G 

_2  _ _3  _2  + _6 

nr  nG  \ nG 

Ini'1- if  _1  . _1  _2._3  _2+_6 

'he  "c  "l  nG  ,,K  nG 


oooo  l8/nc 

0 0 0 0 0 18/f^  _ 

The  craap  law  which  aaauaaa  tha  creep  potential  [6,7]  and  aaploye  a 
strain  hardening  rule  la  expressed  by 


(ec)  . | fryJV)  <2°> 

Tha  type  of  craap  rate  of  the  strain  hardening  notarial  given  by  Iq.  (20)  can 
be  considered  aa  a special  caae  of  tha  second  ten  in  tha  right  hand  side  of 
Eq. (19) , when  Inconp feasibility  of  the  creep  atraln  is  assumed.  In  fact, 
when  ■ 


ln«rl{0>'^  2T” 

2t 


. *$■  '*  a'-'’*?  - 

■P&?'  H ;•*#>  •„'* 
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Eq . (21)  1*  Identical  to  Eq.(20)  If  tha  tenaor  notation  la  adopted  and 


In  the  conventional  equatlon-of-atata  approach,  Eq.(20)  la  replaced  by 
the  following  relation  when  the  tl>e-hardtnlng  rule  la  adopted 


(fc)  . | ‘<^0') 


Primary  and  aecondary  creep  ratea  are  incorporated  In  the  function  c(o,t,T) 
in  thla  formulation.  In  contraat  to  the  mechanical  model  approach,  the  aec- 
ondary creep  la  deacribed  by  the  term  [1,)"  (n)  and  the  primary  creep  can  be 
conveniently  repreaented  by  the  component*  composed  of  tni)"1  and  [Til-1. 
Therefore,  it  la  concluded  that  the  mechanical  model  formulation  la  salf- 
conalttent  and  more  versatile  than  th*  creep  potential  theory. 


Temperature  Effect:  Tharmo-lheologlcally  Simple  Material 

The  vlacoelaatlc  material  Is  called  thermo-rheologlcally  simple,  when  the 
temperature  effect  la  reprasantad  by 


*[T(t)]  dt 


?(T)  Is  the  shift  function  and  Eq.  (23)  postulates  that  the  behavior  of  th* 
viscoelastic  material  subjected  to  the  temperature  history  T(t)  is  deacribed 
by  the  single  parameter  C(t)  which  Is  termsd  the  reduced  time.  The  well- 
known  shift  function  Is  the  Wllliams-Landal-Ferry(HLF)  equation.  Uheu  the 
thermo-rheologlcally  simple  law  la  adopted,  all  of  the  viscoelastic  equations 
are  written  aa  functions  of  th*  reduced  time  C(t)  In  place  of  th*  natural 
time  t In  tha  case  of  problems  with  constant  temperature. 


SOLUTION  P10CEDURES 
Improved  Tima  Integration  Scheme 

In  tha  transient  dynamic  analysis,  the  differential  constitutive  equations  for 
the  one-dimensional  problem  (Eqs.  (9)  and  (10))  and  for  tha  three-dimensional 
case  (Eqs.  (IS)  and  (16))  are  replaced  by  tha  appropriate  finite  difference 
relations.  Then,  from  these  relations  the  relevant  stiffness  matrlcae  and  the 
apparent  stress  vactora  can  be  derived.  The  simplest  time  Integration  scheme 
it  to  use  the  Gaussian  forward  difference  equation,  e.g.  for  Eqs.  (9)  and  (11) 
respectively. 

do  - (E0  + £ E1)Ac  - (oo/To  + [ o1/T1)4t  (24) 

and 

6o  - ^ 4c—  (=*■  + ^ I — o4t  + ~ I / 4t 

C«  'T«  C,  1 ni  C«  1 ri  (25) 

An  Improved  time  Integration  echasM  can  be  davlaad  by  assuming  a linearly 


i yp 

f * 
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changing  (train  rata  during  tlae  Intarval  At  In  the  caae  of  Eqa.(9)  and  (IS) 
for  the  generalized  Maxwell  material  [8-10].  The  reaultlng  difference  equa- 
tion Is,  for  example,  for  Eq.(9) 


Ao 


2e  T T 

l -J^l-U-expt-lt^DAc  - £ [1-«P<-  §^>1^(0 


+ l E T {-[l+exp<-  §*■))  + 2 [1-exp (- 
1 1 1 Ti 


(26) 


For  simplicity,  only  the  sum  for  the  generic  component  (1)  Is  described  In 
Eq.(26).  When  the  strain  rate  la  assumed  constant  during  time  Interval  At, 
Eq.(26)  reduces  to 

E T 

“ l "ft - [l-exp<-  lAe  - l [ 1-exp (-  |£)]ot(t)  (27) 

The  corresponding  Improved  time  Integration  iichema  for  the  generalised 
Voigt  material  la  written  [11] 


1 . 1 . a 

40  * cu)4£  ‘ cTt)4 

where  ^ 

C(t)-Cg  + ^ + J C1(l-[l-.*p(-  f^> 

Ac*  - — o(t)  + l [C,o(t)-e, (t))[l-exp(-  ip)] 
ng  1 1 1 Ti 


In  Eq. (26) , a linear  change  of  atrass  during  time  Intarval  At  la  assumed. 

When  the  etraas  is  taken  to  be  constant  In  the  Integrand,  C(t)  degenerates  to 
Cg[12]  and  It  can  bo  shown  that  the  stability  of  computation  often  deterio- 
rates. In  the  program  summaries  below,  the  Improved  temporal  Integration 
scheme  Implies  that  the  program  uses  the  finite  difference  relations  such  as 
given  by  Eq.(26)  and/or  Eq.(28). 


Response  to  Sinusoidal  External  Excitations 

In  the  formulation  which  adopts  the  mechanical  modal  or  the  complex  stiffness 
for  time  dependant  materials,  the  equation  describing  the  frequency  depend- 
ence of  the  generic  finite  element  Is  expressed  by 

-«2[m](u*}  + [k(ju)J{u*I  ■ (p*)  (29) 


By  dividing  the  nodal  displacement  and  force  amplitude  (u*),  (p*) , and  the 
complex  stiffness  matrix  k((Jw)]  Into  real  and  Imaginary  parts 
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(u*)  “ (uj)  4 J(u2),  {p*}  “ (Pl>  + j(u2) 


and 


[k(jo,)]  - [k j (<i>)  ] 4 j[k2(u)] 


che  following  equation  la  obtained  froa  Eq.(29) 

r-uJta]  + [ki]  -[k2]  "I  jUi,  ,pj, 
L [k2]  hi)2[bJ  + fkijJ  'u2'  ‘ p2 1 


(30) 


The  aaaeablaga  of  Eq.(30)  leada  to  ci e following  overall  atlffnaaa  equation 


r + [Ki3  -[k2]  i,  On  ,Pn  nn 

l (K2 ] V[M)  4 [K,]Jio2rlp2l 

Solution  of  Eq.(31)  for  a range  of  input  frequenciea  u glvaa  the  haraonlc 
reaponae  of  the  relevant  atructure.  When  the  eltee  or  degraee  of  freadoa  of 
the  coaponant  atlffnaaa  aatrlcaa  fit  ] and  [K2]  are  nxn,  thle  require!  the  re- 
peated aolutlofi  of  a 2n*2n  alaultaneoua  linear  aquation  for  each  epedfled 
value  of  u.  An  efficient  aethod  ie  applicable,  however,  if  the  elaaent  com- 
plex atlffnaaa  natrix  (K(Ju)]  haa  a fora  euch  ae 


lK(J«0]  - (Dj(«i)  4 ]D2(u))[h]  (32) 

and  If  the  atructure  la  coapoaad  of  a a ingle  aaterlal  throughout.  In  thia 
caae,  the  total  atlffneaa  equation  (31)  la  vrltten  aa 

r-u2[H)  4 Di(w)[H]  -D2(u)[Hj  1 , Uj«  . Pj. 

L D2(«o)fH]  -u2IM]  4 D2(is)[H]J  >U2J"l  P2>  (33) 

Aa  pointed  out  by  Yaaada  et  al.  [13],  the  elgeneolutlon  of  the  equation 


-u2[M](0)  4 [H ] (U ) - 0 


(34) 


la  uaad  conveniently  for  the  frequency  reaponae  aolutlon  of  Eq.(33). 

Under  the  conventional  aaauaption  of  vlacoua  damping,  the  aquation  for 
the  frequency  reaponae  analyale  of  the  atructure  la  obtained  aa  followa  [14]. 


r-«z[Ml  + (ki 

-**CI  1| 

L «[cj 

-*>2[M]  4 licjjl 

10-  o 


The  eigenvector  of  the  equation 


-*>ltK](n}  4 [K](U)  - 0 


(35) 


(36) 


la  repreeented  by  (•]  and  aceled  ao  that  It  la  [H]-orthogonel,l.a. 
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[*1T|M|  1*1  - JI],  and  [*]T[1C][»]  - di.gO^)  (37) 

Further,  nodal  damping  la  aasuaad  auch  that 

[♦]T[C)[*1  - dlag(2E1w1)  (38) 

Than,  Iron  Eq.(35) 


j-  diag(A1) 

-dlag(B^  )-i 

cr 

■ 

> 

(39) 

L diagtt^ 

diag(A1)-' 

v2  q2 

(Ul)  - t*KVi),  (U2)  - i*]{V2) 


where 

<Ql)  - {Qz>  - I*]TtP2) 

and 

- -w2  + *t,  “ 2£iw1u 

It  can  be  aeen  Iron  Eq.(39)  that  the  harmonic  raaponae  analyala  of  the  struc- 
ture  with  tha  uaual  vlacoua  damping  can  ba  executed  by  a simple  algebraic 
procedure. 


PROGRAM  SIMfARIES 

In  aplte  of  the  adequate  formulation  of  finite  element  analyala  procaduraa 
for  time  dependent  materlala  exploited  earlier  by  White  [13],  Heer  and  Chen 
[16],  Malone  at  al.  [8-10]  and  Taylor  at  al.  [17,18]  for  tha  ganaralixad 
Maxwell  material  and  Zlonklavlcx  at  al.  [12]  and  lama  da  at  al.  [11]  for  the 
ganaralixad  Voigt  material,  tha  available  computer  prograaa  with  a aultabla 
Incorporation  of  dlacrata  mechanical  modale  ara  rather  lew,  except  THVISC 
and  V ISCSI. 


Tharmovlacoalaatlc  Straaa  Analyala  (THVISC)  [17,18] 

Data:  Program  waa  laaued  June  1968,  ravlaad  April  1969. 

Capability:  Determines  tanperaturas,  deformations,  and  ttreseaa  In  solids  of 
revolution  loaded  exlayametrlcelly.  Elastic  bulk  modulus  and  viscoelas- 
tic shear  modulus  specify  the  properties  of  Isotropic  linear  viscoelas- 
tic materials. 

Method:  8tap  forward  time  Integration  assuming  linear  change  of  strain  during 
each  time  Interval.  Variable  time  steps  can  be  used. 

Limitations  and  Restrictions:  Humber  of  nodal  points  (130  maximum),  Nua&er  of 
elements  (ISO  maximum),  Humber  of  materials  (12  maximum). 

Input:  Material  date  for  temperature  distribution  analysis,  bulk  end  shear 
elastic  moduli,  and  relaxation  time  for  shear.  Tha  viscoelastic  shear 
property  la  repraeented  by  tha  generalised  Maxwell  model  with  three  term 
Prony  Series. 

Language : FORTRAN 

Hardware:  CDC  6000 

Usage:  Used  by  the  Navy  at  China  Lake,  Cmllf.,  for  solid  propellant  studies. 
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Developer:  R.  L.  Taylor  and  G.  L.  Goudreau 

University  of  California 
Davis  Hall 

Berkeley,  California  94720 

Availability:  For  a coat  of  $100/deck  Is  available  from  the  National  Information 

Service  - Earthquake  Engineering  (N1SEE) 

University  of  California 
Department  of  Civil  Engineering 
Berkeley,  California  94720 

Subjective  Comments:  This  program  Is  an  historical  one  and  the  original  version 

Is  Hated  fully  in  [17].  A version  for  Incompressible  materials  (THVINC) 

Is  available  from  the  same  source. 


Viscoelastic  Analysis  Program  (VISCEL)  [1,19,20] 


Date:  Program  was  Issued  October  1972  as  an  updated  and  extended  version  of 
Its  earlier  form  [21] 

Capability:  Solve  equilibrium  problems  associated  with  one-,  two-,  or  three- 
dimensional  linear  thermo-vlscoelastlc  structures.  The  generalised 
Maxwell  model  Is  used  and  material  properties  may  be  tempereture  depend- 
ent In  the  thermo-rheologlcally  simple  sense. 

Method:  The  step-by-step  Incremental  equation  In  a recursive  form  is  solved. 
Program  baaed  on  the  hereditary  Integral  and  recomputes  the  solution 
results  at  each  stage  by  going  back  to  all  past  memories.  A provision 
Is,  however,  incorporated  to  cover  a long  time  domain  by  keeping  the 
time  Intervals  constant  In  the  logarithmic  scale. 

Llmltetlon  and  Restrictions:  Requires  up  to  195K  core  memory  In  a 260K  UNIVAC 
1108/EXEC  8 machine. 

Input:  Refer  to  [19] 

Output:  Refer  to  [19] 

Language:  FORTRAN  V 

Hardware:  UNIVAC  1108  under  the  EXEC  E system 

Usege:  Originally  developed  in  connection  with  the  stress  analysis  of  solld- 
propellant  rocket  motor,  this  program  la  consldsred  the  only  existing 
comprehensive  viscoelastic  analysis  program  opened  to  the  public  In  the 
U.S. 

Developer:  K.  K.  Gupta,  1.  A.  Akyux,  and  E.  Hear 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91103 

Availability:  Available  from  the  Computer  Software  Management  and  Information 
Center  (COSMIC). 

Subjectivs  Comamnts:  Future  publication  of  a detailed  and  engineer  oriented 
user's  manual  le  desirable. 


The  craep  analysis  capabilities  In  almost  all  of  the  general  purpose  pro- 
grams sre  "spin-offs"  In  the  efforts  to  cater  to  the  user  by  making  the  pro- 
grams suitable  for  high  tamperaturs  design  of  nuclear  reactor  components.  An 
extensive  survey  of  programs  in  this  ares  was  dons  by  Nlckell  [22].  In  con- 
formity with  the  constitutive  equations  recommsndsd  by  OREL  [23],  MARC-CDC 
[24]  and  ANSTI  [23]  Incorporate  the  creep  law  of  the  type  given  by  Kqs.(20) 
and  (22).  Various  formulae  as  determined  by  ths  experiments  are  proposed  to 
represent  the  strain  and  time  hardening  creep  behaviors,  and  It  le  particular- 
ly interesting  that  the  following  creep  law  has  been  suggested  to  apply  for 
types  304  and  316  stainless  steel. 


t (o.t.T)  - tt(o,T)(l  - exp[-r(o,T)t]}  + iB(o,T)t 
Differentiation  of  8q.(40)  with  respect  to  time  yields 


(40) 


M mm 
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ms 


e - et(o,T)  * r(o,T)  exp[-r (o,T)t)  + eB(o,T) 


(41) 


In  the  equation-of-state  approach,  Che  creep  data  of  Eq.(40)  la  aaaoci- 
ated  with  the  time-hardening  creep  potential  law  of  Eq.(22).  It  ahould  be 
pointed  out,  however,  that  Eq.(40)  haa  a fora  Identical  with  the  creep  com- 
ponent  In  Eq.(6)  for  the  generalised  Voigt  model.  In  fact,  In  the  mechanical 
model  approach,  Eq.(40)  la  obtained  aa  a solution  of  Eq.(10)  or  more  general- 
ly of  Eq.(19).  Theaa  similarities  and  the  dealrable  propertlaa  of  the  me- 
chanical modal  formulation  have  not  been  fully  recognised  to  date.  The  gen- 
eral purpoac  program  ASKA  [26]  adopte  the  creep  potential  lav,  and  CREEP- 
PLAST  [27]  and  EPACA  [281  diatributed  by  Oak  Ridge  National  Laboratory  to  the 
public  are  naturally  In  conformity  with  their  recommendation  of  time-depend- 
ent lav  for  lnelaatlc  dealgn  analyale  [29].  VISC0-3D  la  the  program  develop- 
ed for  vlecoelaatlcplaatic  analyale  of  three-dimenalonal  solids.  Thla  pro- 
gram haa  featurea  similar  to  CREEF-PLAST  In  many  reapecta  and  la  summarised 
aa  follova. 


Three  Dimensional  Viscoelastic  (VISC0-3D)  [30] 

Date:  Program  completed  June  1972 

Capability:  Viecoelaatic  plastic  analysis  of  three-dimensional  Initially  Iso- 
tropic solids.  Plasticity  with  kinematic  hardening  for  the  von  Mines 
Material.  Memory  theory  of  creep  la  adopted. 

Method:  Iterative  method  using  linear-displacement  tetrahedral  elements. 
Limitation  and  Rastrlctions:  10,000  unknowns,  750  band  width. 

Input:  Internal  mash  generation.  Input  interfacing  with  plotting  programs . 
Output:  Output  interfacing  with  plotting  programs. 

Language : FORTRAN  IV 
Hardware:  UNIVAC-1108  (65K  Core) 

Usage:  Numerical  result  is  in  preparation,  although  the  program  has  been 

fully  checked  out  for  two-dimensional  solutions.  Companion  heat  conduc- 
tion program  la  not  Incorporated. 

Developer:  Y.  R.  Rashid 

General  Electric  Company 
Nuclear  Energy  Division 
175  Curtner  Avenue  M/C 
San  Jose,  California  95125 
Availability:  Available  from  the  dsvslopsr. 

Subjective  Comments:  Iterative  method  of  solution  may  Impede  the  extension  of 
the  program  to  large  deformation  area  or  problems  with  geometric  nonlin- 
aarltles 

SAFE-CREEP  [31]  , SAFE-SCREE?  [32]  and  SAFE-CHAF1T  1 3.1]  are  viscoelastic 
analysis  programs  for  plana  and  axlsymsMtrlc  concrata  and  graphite  structures 
which  are  the  major  components  of  HTGR  (High  Temperature  Gas-Cooled  Reactor) 
designed  by  General  Atomic  Company.  These  programs  are  based  on  the  heredi- 
tary Integral  theory  which  la  suMarlsad  In  a recent  report  [34).  On  the 
other  hand,  TEPC-2D  [35,36]  developed  by  the  same  company  for  the  thermal 
elastic-plastlc-creap  analysis  of  two-dimensional  solids  is  creep  potential 
oriented.  Several  SAFE  program  versions  are  available  from  Argonne  Code 
Center.  Information  about  the  Argonne  Code  Center  availability  for  these 
programs  can  be  supplied  upon  request  to 
Dr.  Nell  Prince 
Gulf  Computer  Sciences,  Inc. 

Post  Office  Box  606 

San  Diego,  California  92112 
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CAM  (Predicting  the  Creep  Behavior  of  Axlsymmetric  Bodies  of 
Revolution)  and  CRASH- 1 (Creep  Analyali)  are  the  programs  developed  by  TRW 
Systems.  TESS  and  PITT  are  developed  for  tvo-dimenalonal  creep  and  plasticity 
problems  and  Integrated  in  the  syetaa  BERSAFE  of  Central  Electricity 
Generating  Board  (CECB),  Berkeley  Nuclear  Laboratorlaa  In  the  United  Kingdom. 
The  PITT  program,  although  useful  In  lta  own  right,  was  used  by  CEGB  to  ex- 
ploit the  methods  of  creep  and  plasticity  analyses  which  are  not  Incorporated 
In  the  TESS  program  for  more  general  geometries. 

Regarding  the  dynamic  analysis  for  the  structures  of  time  dependent 
materials,  almost  all  of  the  general  purpose  computer  programs,  e.g.  MARC-CDC 
(24],  ANSYS  [23]  and  SAP  IV  (37,38],  adopt  the  viscous  damping  which  is  of 
the  type  of  Eq.(38)  and/or  proportional  damping,  although  a special  purpose 
program,  e.g.  VISCOSUFERB  of  SDRC  (Structural  Dynamics  Research  Corporation, 
S729  Dragon  Way,  Cincinnati,  Ohio  45227),  Incorporates  the  hystaretlc  damp- 
ing (loss  factor).  These  are  the  topics  of  the  chapter  by  Neleon  and  Grelf 
(39]  on  shock  and  vibration  programs  with  damping  In  this  book.  The  general 
purpose  programs  usually  have  capabilities  for  the  transient  response  analy- 
sis by  node  superposition  as  well  as  step-by-step  direct  Integration.  At  for 
the  harmonic  response,  ANSYS  [23]  features  the  complex  elgensolutlon  capabili- 
ty. Recent  developments  In  the  solution  of  eigenvalue  problems  Including  com- 
plex vectors  and  modes  are  suamurlted  by  Gupta  1 40] . The  method  Introduced 
in  this  review  for  harmonic  analysis  Is  an  alternative  one  and  has  been  used 
conveniently  to  pbtain  dynamic  response  of  bar  and  beam  structurea  of  time- 
dependent  materials  (13). 


CONCLUSION 

As  various  finite  element  computer  programs  for  nonlinear  analyala  are  still 
In  the  development  stage,  the  dlscmaalons  of  the  present  chapter  have  been 
focueed  mainly  on  the  basic  forsmlatlon  of  the  solution  procedure  for  prob- 
lems connected  with  time-dependent  material  properties.  The  method  which  uscb  a 
dlscretlxed  spectrum  model  Is  versatile  and  can  be  easily  Introduced  Into  the 
existing  general  purpose  programs.  Although  the  experimental  determination 
of  the  model  constants  or  parameters  Is  beyond  the  scope  of  the  present  re- 
view, a varlaty  of  means  are  conceivable  [41],  with  the  aid  of  novel  material 
testing  facilities  as  wsll  as  strain  measuremant  Instruments  being  developed 
recently. 
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Prediction  of  Highway  Noise 


John  K.  Hun  land 
University  of  Virginia 


INTRODUCTION 


Noise  pollution  was  recognized  aa  an  environmental  problem  on  a national  scale 
when  the  U.  S.  Environmental  Protection  Agency  (EPA)  formed  the  Office  of  Noise 
Abatement  and  Control.  Following  this,  in  1972,  the  Congress  passed  the  Noise 
Control  Act. 

To  meet  one  of  the  requirements  of  this  act,  EPA  has  published  "Information 
on  Levels  of  Environmental  Noise  Requisite  to  Protect  Public  Health  and  Welfare 
with  an  Adequate  Margin  of  Safety"[l].  In  a supporting  document  [2],  EPA  esti- 
mates that  78  million  people  live  in  residential  areas  where  the  outdoor  day / 
night  expoaure  level,  L^'  exceeds  60  decibels,  which  is  5 decibels  above  the 

recommended  level.  Of  these,  59  million  are  Impacted  by  urban  traffic,  and 
3.1  million  by  freeways. 

The  Federal  Highway  Administration  (FHWA)  has  recognized  this  problem  for 
some  time,  and  has  sought  to  limit  the  exposure  of  residential  areas  to  noise 
from  federally  funded  highways  by  setting  standards,  the  latest  of  which  are  In- 
cluded In  the  Federal  Aid  Highway  Program  Manual  [3).  Because  the  determination 
of  the  noise  level  near  a highway  must  be  made  before  It  Is  built  they  have  also 
approved  two  prediction  methods.  The  first  Is  described  by  the  design  guide 
contained  In  the  National  Cooperative  Highway  Raeearch  Program  (NCHRP)  Report 
No.  117  [6],  with  modifications  according  to  NCHRP  Report  No.  144  [5],  and  Is 
used  In  the  MICHIGAN/144  Traffic  Noise  Level  Predictor  Computer  Program  [6]. 

The  second  Is  the  Transportation  Systems  Center  (TSC)  method  by  Wesler  (7),  for 
which  a computer  program  has  also  been  written.  Recently,  a six  volume  report 
on  a 1974  study  for  NCHRP  has  been  available  on  loan  In  which  a new  design  guide 
Is  proposed  [8] . This  contains  a computer  program  Hating  which  lncludea  fea- 
turee  of  the  earlier  NCHRP  and  TSC  methodologies,  together  with  new  ideas  drawn 
from  an  extensive  study  of  the  overall  subject.  This  new  method  has  not  yet 
been  approved  by  the  FHWA.  Although  the  first  two  methods  have  been  approved  by 
FHWA,  all  variants  of  these  methods,  Including  computer  programs  must  be  submit- 
ted for  approval  also. 

Because  the  MICHICAN/144  program  Is  written  for  use  on  a time-sharing  ter- 
minal, a batch  program  referred  to  as  MICNOISE  10  has  been  prepared  for  the  IBM 
370  by  the  Data  Processing  Division  of  the  Virginia  Department  of  Highways  and 
Transportation.  It  only  differs  from  the  MICHICAN/144  program  In  a minor  way  so 
as  to  predict  slightly  higher  values,  and  is  therefore  also  acceptable  to  the 
FHWA.  There  Is  no  available  publication  on  MICNOISE  10,  however,  earlier  and 
similar  variants  have  been  evaluated  by  Haviland,  Noble,  and  Colub  [9,  10),  and 
these  reports  contain  listings  of  MICNOISE  2 and  5,  respectively.  A summary  of 
the  computer  programs,  their  earlier  variants,  and  some  previous  programs,  will 
be  found  In  Table  A1  of  the  appendix. 

In  this  chapter,  some  of  the  descriptors  for  noise  levela  are  defined,  and 
the  noise  etandarda  set  by  FHWA  ere  given,  tosether  with  the  EPA  recommended 

1 The  derivation  of  L^n  Is  explained  in  a later  section  of  this  paper. 
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level*.  It  will  be  noted  that  FHWA  standards  are  baaed  on  the  one  hour  equiva- 
lent or  10%  levels,  whereas  the  EPA  recommended  levels  are  based  on  the  day/nlght 
or  24  hour  equivalent  levels.  This  difference  Is  unfortunate,  because  it  makes 
direct  comparison  Impossible.  However,  the  current  highway  noise  prediction 
methodology  Is  perfectly  capable  of  producing  24  hour  levels,  should  the  FHWA 
standards  be  changed.  Also,  there  la  a brief  description  of  the  three  principal 
methodologies  for  highway  noise  prediction.  Essential  details  of  four  computer 
programs  are  given. 


DESCRIPTORS  FOR  RATING  NOISE  LEVELS 

Environmental  sound  pressure  levels  are  generally  found  Initially  In  terms  of 
the  A-welghted  decibel  level  LA  (also  referred  to  as  the  overall  A-welghted 
sound  pressure  level,  or  OASPL) , or  In  terms  of  the  one-octave  or  third-octave 
band  levels.  The  linear  level  (also  referred  to  as  the  "overall  sound  pressure 
level,"  or  OSPL) , or  the  B-,  C-,  and  D-  weighted  levels  are  rarely  used. 

However,  where  long-term  or  daily  fluctuations  occur,  an  overall  average  of 
the  A-welghted  level  Is  generally  obtained,  while,  for  short-term  fluctuations, 
such  as  In  transportation  noise,  a statistical  value  based  on  the  distribution 
of  A-welghted  levels  la  often  given. 


Average  Levels 

Equivalent  Levels 

The  H-hr.  equivalent  level,  L^hj  the  constant  level  which  would  have  the 
equivalent  'energy'  to  the  actual  time-varying  level,  thus 

L.q(H)  • 10  1O«10  V’h  + 94  “ (1> 

where  pA  Is  the  A-welghted  acoustical  pressure,  in  K/n2,  obtained  by  passing  the 

microphone  signal  through  an  appropriate  filter  and  < >„  denotes  averaging  over 
H hours. 

When  1*  to  be  obtained  by  measurement,  several  techniques  are  possi- 

ble. The  most  common  method  la  to  use  the  averaging  circuit  of  a sound  level 
aster  to  obtain  the  mean  square  pressure  p^2  where 

p^  (t)  - (1/RC)  /*.PA2(r)exp  <(r-t)/RC>  dr  H2/w>  (2)  “ 

and  RC  Is  the  equivalent  averaging  time,  so  that 

P^  (t)  -9  (l/RC)/*^  pa2  (r)  dr  N2/m*  (3) 

Then  the  A-welghted  sound  pressure  level  Is 

LA  - OASPL  ■ 10  log1Q  (t)  + 94  dB(re  2 * 10_5N/m2)  dB  (4) 

The  averaging  time  RC  Is  much  less  than  ths  ovsrall  averaging  time  H,  so 
that,  to  a very  close  approximation,  Eqa.  (1),  and  (3)  combine  to  give 

>•.,(„)  ■ 10'  lo*10  V>H  + ,4  " 10  1O»10  <>°U/10>H  « (5) 
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Note  that,  on  changing  the  baae  of  the  logarithm 

Leq(H)  ' 3-01  l°«2  V’h  + 94  ’ 3‘01  1<>«2<2U/3‘01>H  dB  <6> 

thus,  when  the  average  rms  pressure  doubles,  Its  logarithm  to  baae  2 Increases 
by  one,  so  that  L Increases  by  3.  This  Increase  by  3 dB  for  a doubling  of 

the  quantity  Involved  la  referred  to  as  the  "3  dB  law,"  and  Is  characteristic  of 
the  so-called  energy  or  power  law. 

Note  that,  in  terns  of  LA,  the  A-welghted  nean  square  pressure  is 


7T 


10 


LA-94  LA-94  LA-94 

10 


2 3.01  N2/.4 


however,  the  reference  pressure  Is  arbitrary  so  that 

LA-R 

L«q(H)  • 10  1O«X0  <10  “ >H  + * 


dB 


where  R can  take  any  value. 

Generally,  H denotes  a specific  period  of  the  day,  so  that 

L ...  - HNL  - HOURLY  NOISE  LEVEL 

eq(l) 

based  on  the  peak  hour  of  the  day. 

Leq(15)  * Ld 

baaed  on  daylight  hours  fron  0700-2200 


Leq(9)  " Ln 

based  on  the  nighttime  hours  2200-0700,  while 
Leq<24) 

la  based  on  the  whole  24  hours. 


(7) 


(8) 


Composite  Lcvela 

A composite  average  which  penalises  nighttime  noise  by  a factor  of  10  la 
Ldn  - DAY-NIGHT  LEVEL 

- 10  log.n  i 15  . 10W/W  + 10  .9  10W10J  dB  (9) 

10  (24  37  J 

Statistical  Lavals 

Thais  art  gtnarally  band  on  tha  peak  bouts  of  tha  day*  and  ara  soil  cohoii  in 
surface  transportation  applications. 


j 
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Excedence 

The  EX  cxcedence  level  Lg  la 

L_  - EX  EXCEDENCE  LEVEL 
E 

■ Level  exceeded  EX  of  the  tine  during 
the  period  specified. 

Conmonly  used  values  are  L^q,  Ljq,  and  So- 


Nolee  Pollution  Level 

The  noise  pollution  level  NPL,  developed  by  Robinson  [11],  is  defined  in  terns 

of  L and  the  standard  deviation  o.  of  L_  as 
eq  L E 


NPL  - L^j,  - NOISE  POLLUTION  LEVEL 

- L + 2.56 o,  dB 
eq  L 

Traffic  Noise  Index 

The  traffic  noise  index  la  defined  in  terns  of  three  excedence  levels  aa 
TNI  ■ L^j  ■ TRAFFIC  NOISE  INDEX 


(10) 


4(L10‘L90)  + L90  ' 30 


dB 


(ID 


Normal  Distribution 


By  assuming  a normal  distribution  for  tg,  the  following  approximations  can  be 
made 


Leq  ' 10  lo*10 


’ 10  log10  *Xp 


- l50  + 0.115  oL* 


( L50  1 °L  1 2 

j 07  + 2 4.34) 


dB 


The  standard  deviation  a.  Is  readily  obtained  from 
L 


1.28  oL  - L10  - L50  - L50  - L90 


dB 


(12) 


(13) 


thus  the  noise  pollution  level  NPL,  is  obtained  by  substituting  (13)  into  (10). 


" Sp  * l50  + 2-56  °L  + °-U5  V 


dB 


(H) 


Sometimes  this  Is  written  as 


NPL  * Lj0  ♦ (L1(J  - L90)  + (L10  - L90)/60  dB 


(15) 


r- 
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Also 

TNI  - 7(L1q  - Lsfl)  ♦ L5q  - 30  dB 


Other  Methods 

Many  other  methods  of  rating  noise  levels  have  been  proposed,  or  are  In  use. 
These  mainly  apply  to  noise  In  airport  environs,  and  are  not  of  particular 
concern  In  highway  noise  work. 


Subjective  Response 

The  essential  Intent  behind  all  of  the  many  propoaed  descriptors  for  rating 
noise  Is  to  find  a measure  of  noise  which  correlates  well  with  the  responses 
of  those  subjected  to  It.  Serendipity  Inc.  [12],  In  a review  of  many  such  at- 
tempts, has  pointed  out  that  it  Is  almost  Impossible  to  find  statistically  sig- 
nificant differences  between  the  correlation  of  ratings  based  on  A-welghtlng 
and  those  based  on  more  sophisticated  approaches.  The  EPA  hss  requested  all 
federal  agencies  to  use  as  the  standard  designator  for  noise  level,  pre- 
sumably Leq(24)  could  be  used  In  its  place  for  applications  In  which  no  resi- 
dential areas  are  involved.  If  LJn  ware  adopted  universally  as  the  standard 

descriptor,  there  would  be  little  if  any,  Impact  on  the  general  public,  but 
there  would  be  much  leas  confusion  and  misunderstanding  about  the  subject  of 
noise,  and  about  what  the  associated  numbers  isean. 

Table  1 Summary  of  Noise  Levels  Identified  as  Requisite  to  Protect  Public 
Health  and  Welfare  with  an  Adequate  Margin  of  Safety  [1] 


EFFECT 

LEVEL 

AREA 

Hearing  Loss 

Leq(24)i  70  « 

All  araaa 

Outdoor  activity 
Interference  and 
annoyance 

LdnA  35  dB 

Outdoors  In  residential  areas  and 
farms  and  other  outdoor  areas 
where  people  spend  widely  varying 
amounts  of  tine  and  other  places 
In  which  quiet  la  a basis  for  use 

Leq<24)*  55  " 

Outdoor  areas  whare  people  spend 
limited  amounts  of  time,  auch  as 
school  yards,  playgrounds,  etc. 

Indoor  activity 
Interference  and 
annoyance 

L.  s,  45dB 
on 

Indoor  residential  areas 

leq(24>‘  *5  " 

Other  Indoor  areas  with  human 
activities  such  as  schools,  etc. 

MOTE i EPA  haa  determined  that  for  purposaa  of  hearing  conservation  alone,  a 
level  which  la  protective  of  that  segment  of  the  population  at  or 
below  the  96th  percentile  will  protect  virtually  the  entire  population. 
This  level  haa  been  calculated  to  be  an  L of  70  dB  over  a 24-hour 
day.  H 
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PUBLISHED  STANDARDS 


PPA  Recommended  Levels 

A summary  of  the  levele  recommended  by  EPA  is  given  In  Table  1.  It  will  be  not- 
ed that  both  L^n  and  L ^4)  *PPe*r  ln  this  table,  the  latter  applying  to  non- 

realdentlal  arena.  The  values  given  have  no  legal  force,  but  set  targets  which 
could  possibly  be  Incorporated  into  other  standards  ln  the  future. 


FHWA  Standards 

A summary  of  the  levels  required  by  FHWA  [2]  Is  given  ln  Table  2.  Compliance 
with  these  standards  must  be  desunstrated  by  using  an  approved  method  of  calcu- 
lation or  an  approved  computer  program  before  federal  funds  can  be  committed  to 

a highway  project.  It  will  be  noted  that  either  L or  L,n  values  can  be  used, 

6(|  10 

but  that  simultaneous  compliance  with  both  sets  of  standards  la  not  required. 
Either  value  can  be  bated  on  the  suxlmum  traffic  capacity  of  the  highway  or  on 
the  average  of  the  worst  three  hours,  thus  either  L or  L^^  is  appropri- 

ate for  what  la  referred  to  ln  this  paper  as  L((). 


METHODS  OF  PREDICTING  HIGHWAY  NOISE 

Most  methods  of  predicting  highway  noise  that  are  presently  ln  use  are  either 
based  on  design  guides  ln  two  reports  by  the  Highway  Research  Board,  NCHRP  117 
[4]  and  144  (5],  or  on  a method  by  Wesler  [7]  of  the  Transportation  Systems 
Center,  and  referred  to  as  the  TSC  method.  Several  versions  of  computer  pro- 
grams are  available  for  the  NCHRP  117/144  methods,  and  a program  Is  available 
for  the  TSC  method.  Recently,  Kugler,  at  al.  of  Bolt,  Beranek  and  Newman  have 
developed  a new  design  guide  [8],  referred  to  here  as  the  1974  NCHRP  method, 
containing  a computer  program  written  ln  ANSI  specification  FORTRAN.  The  three 
methods  are  reviewed  briefly  ln  the  following  section,  and  are  summarized  ln 
the  appendix. 

The  three  methods  of  predicting  highway  noise  essentially  perform  similar 
tasks.  Starting  with  a locality  ln  which  the  influences  of  saveral  roads  might 
be  felt,  the  user  either  proceeds  to  make  hand  calculations,  or  prepares  input 
to  one  of  the  computer  programs,  based  on  the  following  data. 

1.  The  locations  and  heights  above  ground  at  which  levals  are  to  be  calcu- 
lated. 

2.  The  roads  which  might  Influence  these  levels.  Curved  roads  are  divided 
Into  equivalent  straight  segments. 

3.  The  presence  of  barriers  or  other  topographical  faatures  which  might  In- 
fluence acoustical  shielding,  also  trees,  shrubs,  or  buildings. 

4.  Other  miscellaneous  effects,  such  as  grads,  road  surface,  roughness, 

etc. 

Si  The  density  of  traffic  on  tha  roads. 


The  NCHRP  117/144  Method 


Theoretical  Background 

The  theoretical  background  of  the  NCHRP  117  {4]  and  144  (5]  method  is  as  follows. 
The  equivalent  level,  L^,  can  be  given  for  a line  of  traffic  at  a perpendicular 

distance  D from  the  observer,  ln  terms  of  the  level  L^  in  A-welghted  decibels 
for  one  vehicle  at  a distance  Dggyi  ** 
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Leq  ' LREF  ' 20  log10  D/DREF  + 10  Iog10  * Rt  'V  + 10  log10  46/180  dB  (17) 


where  R Is  Che  number  of  vehicles  per  hour,  V Is  their  speed  In  units  consistent 
with  R end  D,  end  A6  is  the  subtended  angle  of  the  roadway  element.  In  degrees, 

as  shown  In  Fig.  1.  The  value  obtained  for  L from  Eq.  (17)  does  not  depend  In 

eq 

any  way  on  how  the  traffic  la  spaced  out,  although  It  does  assume  that  each  ve- 
hicle Is  equally  noisy.  To  obtain  the  statistical  level  Lg,  the  level  exceeded 

EX  of  the  time,  It  is  also  necessary  to  assume  uniform  spacing.  This  leads  to 
equation 


“50 


“ L +10  log 

«q  * 


slnh  i x RD/V 


’10  (cosh  2*  RD/V  - cos  iE/l00'j 


dB 


(18) 


Fig.  1 Traffic  on  an  element  of  roadway 


! 
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Application  of  the  Methods 

An  average  automobile  passing  100  ft  (30.48  m)  sway  at  60  mph  (96.6  km/hr)  Is 
assumed  to  emit  64.6  dBA.  The  acoustical  power  is  assumed  to  originate  at  the 
tlrea,  and  la  taken  to  depend  on  the  cubs  of  the  speed,  so  that,  for  automobiles. 


Lggg  - 64.6  + 30  log1Q  S/60  dBA  (19) 

where  S is  the  speed  mph. 

The  engine  of  the  average  truck  passing  100  ft  (30.48  m)  sway  is  assumed  to 
emit  77.2  dBA,  regardless  of  speed.  Thus , for  trucks 


Lggp  - 77.2  dBA  (20) 

Substituting  Eqa.  (19),  (20)  in  turn  into  Eq.  (17),  and  making  appropriate  ad- 
justments for  the  units  used,  one  obtains,  for  automobiles  at  100  ft  (30.48  m) 


Leq  * 10  log10  «A  SA2  - 1-°  " (21> 


and,  for  trucks  at  100  ft  (30.48  m) 
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L#q  - 10  log10  Qt/St  + 65.0  dB  (22) 

where  subscripts  A and  T reter  to  autonoblles  and  trucks,  respectively,  and 
Q Is  the  peak  hourly  traffic  rate. 

Putting  E equal  to  50Z  In  Eq.  (18),  and  adjuatlng  for  units  as  before, 

L (100  ft)  - L (100  ft)  + 10  log. n (tanh  0.119  Q/s}  dB  (23) 

jU  eq  iu  1 

which  applies  to  automobiles  or  trucks. 


Distance  Correction 

The  distance  correction  used  In  the  MICHIGAN  144  and  MICNOISE  10  programs  Is 
DELI  where 

DELI  - -15  log1Q  Dg/100  dB  (24 

Note  the  15  decibel  attenuation  per  tenfold  Increase  In  Eq.  (24).  However 
NCHRP/144  suggests  10  dB  for  very  flat  terrain  or  for  high  receiving  points. 
In  the  above  equation,  D la  an  effective  distance,  given  by 


In  which  D^  and  Dp  are  distances  from  the  nearest  and  furthest  lanes,  respec- 
tively. Thla  correction  does  not  give  the  sbsk  value  as  would  be  obtained  on  a 

reevaluation  of  Eqs.  (17)  and  (18).  Tha  correction  for  L would  be  based  on  -10 

eq 

dB  as  opposed  to  -15  dB,  and  the  correction  for  LjQ  would  be  considerably  dlf- 


L10  Values 

The  difference  between  L^q  and  LjQ  la  readily  found  from  Eq.  (18)  to  be 

L10  ' L50  ' ”10  lo810  I1  " °-951/co,h  (0-00119  QDg/S)}  dB  (26) 

However,  this  does  not  correlate  well  with  actual  measurements  for  values  of 
QD  /S  over  300  vehicle  feet  per  mile  (equivalent  to  56.8  vehicle  meters  per  km). 

E 

Therefore,  the  curve  shown  In  Fig.  2 hae  been  recommended  In  the  NCHRF  ’44  re- 
port, In  which  Eq.  (26)  Is  faired  Into  an  empirical  curve.  The  use  of  Eq.  (26) 
In  conjunction  with  Eqs.  (21)  to  (25)  la  not  consistent,  and  must  be  viewed  as 
partly  empirical.  The  MICHIGAN/ 144  and  MICNOISE  10  programs  actually  obtain 
the  curve  shown  In  Fig.  2 by  Interpolation  of  tables  containing  the  points  indi- 
cated In  the  figure. 

Roadway  Length  Correction  - DEL2 

In  accordance  with  Eq.  (17),  the  correction  for  roadway  length  Is  based  on  the 
subtended  angle  as 


DEL2  - 10  log,.  (68/180)  dB 


A)  k 
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Vert  teal  and  Barrier  Correct  Iona  - DEW , DEL6 

When  aound  froa  a pure  tone  point  aource  impinges  on  the  edge  of  a seal-infinite 
plane.  It  la  diffracted,  so  that  it  aay  penetrate  Into  the  shadow  zona.  It  Is 
possible  to  obtain  exact  theoretical  solutions  for  cases  In  which  the  geoaetry 
la  very  slaple.  However,  the  case  of  a line  source  of  Incoherent  broad  band 
noise  lapinglng  on  the  top  of  a barrier,  In  the  presence  of  ground  effects.  Is 
considerably  aore  coaplax.  The  corrections  recommended  In  the  KCHRP  144  report 
were  based  on  original  work  by  Maekava  [13],  as  developed  by  Kursc  and  Anderson 
(14],  The  aethod  of  application  of  these  corrections  Is  shown  in  Figs.  3 and  4. 
It  will  be  seen  that  the  procedure  la  to  find  first  the  deficiency  X + T - Z, 
and  then  to  read  the  curve  to  find  the  attenuation  DBL4  for  elevation  effects, 
or  DEL6  for  barriers. 


Fig.  3 Definition  of  deficiency  used  for 

elevation  corrections  in  NCHBF  methods 
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In  determining  the  deficiency,  truck  eources  are  aasuaed  to  ba  8 ft  (2.4  n) 
above  the  road  for  MICHIGAN/144,  aa  recommended  in  NCHRP  144,  and  13. 5 ft  (4.1  m) 
for  MICN0I8E  10.  The  curve  in  Fig.  4 la  repreiented  by  interpolation  of  a table 
in  the  two  programs.  There  la  a furthar  correction  to  DEL6  for  barriers  of  fi- 
nite length. 


Other  Corrections 

Several  corrections  are  made  at  the  option  of  the  user,  they  are: 

Gradient  Correction  - DEL 3:  From  0 to  4 dB 
Roadway  Surface  Correction  - DELS:  From  -5  to  +5  dB 

Structure  Correction  - DEL 7 : From  -10  to  0 dB  for  Intervening  buildings, 

trees,  stc. 


Combined  Levels 

First,  the  effect  of  automobile  or  truck  traffic  from  each  element  of  roadway  Is 
determined  as  follows 


L - L (100  ft)  + DELI  + DEL2  + DEL3  + DEL4  + DELS  + DEL6  + DEL7  dB  (28) 
eq  eq 


,50  - tB(j  + 10  log10|tenh  0.119  Q/sj 

dB 

(29) 

•io  " Lso  ♦ (Lio  - V " 

(30) 

where  - LjQ  is  obtained  aa  In  Eq.  (26). 

Then  levels  due  to  automobiles  and  trucks  from  the  different  roadwsy  ele- 
ments are  combined  by  the  power  law,  according  to  which 

L - 10  loilQ  Z(j)  10L1/1°  dB  (31) 

where  L^  represents  a typical  contribution  to  the  total.  The  operation  describ- 
ed In  Eq.  (31)  Is  often  referred  to  as  'dB- eumlng. ' 

Output  of  MICHIGAN/144  and  KICN0ISE  10  Programs 

The  output  of  the  MICHIGAN/144  and  MICMOISE  10  programs  Includes  L , L,n, 
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L10*  HiP'  and  TNI  at  P°int8  designated  by  the  user.  Also,  distances  from  the 
road  to  given  L^q  contours  are  found. 


The  TSC  Model 

The  Transportation  Systems  Center  model  by  Wealer  (7],  often  referred  to  as 
the  TSC  model,  Is  based  on  a store  rigorous  approach  to  the  statistical  problem 
of  predicting  levels  than  Is  used  in  the  NCHRP  117/144  method.  In  addition 

to  grouping  vehicles  by  type  (automobiles,  trucks,  and  a third  user  supplied 
vehicle)  and  to  Including  the  effects  of  different  roadway  elements,  the  TSC 
method  provides  for  up  to  nine  octave  bands  and  for  up  to  five  speed  groups. 
Thus,  the  final  summation  is  over  all  of  these  variables.  At  the  option  of 
the  user,  the  summation  of  octave  levels  can  be  omitted,  and  the  overall  levels 
can  be  used  in  the  calculations  with  500Hi  frequency  assumed  for  acoustical 
shielding  calculations. 


Average  Vehicles 

Whereas  the  NCHRP  117/144  method  treats  a line  of  vehicles  as  equally  spaced 
point  sources,  the  TSC  method  treats  it  as  an  Incoherent  line  source  with  a 
normal  distribution  and  apeclfied  standard  deviation.  Since  the  strength  of 
this  source  is  directly  proportional  to  the  number  of  vehicles  in  a given  dis- 
tance, it  is  possible  to  state  the  reference  A-velghted  level  per  vehicle  at  a 
given  distance  from  the  road.  These  levels  are  given  in  Table  3 for  the  nine 
octave  bands. 


Table  3 Reference  A-Welghted  Octave  Levels  Used  in  TSC  Method 


Band 

Octave  Center 

LREFi 

No. 

Frequency  Hr 

A-welghted 

level  in  dB  at 

50  ft  (15.2  m] 

Autos  at 

Autos  at 

Trucks  at 

30  mph 

70  mph 

all  speeds 

(48.3  kph) 

(112.7  kph) 

18 

63 

38 

48 

60 

21 

125 

45 

57 

73 

24 

250 

47 

62 

78 

27 

500 

55 

66 

83 

30 

1000 

58 

70 

82 

33 

2000 

54 

72 

79 

36 

4000 

49 

63 

74 

39 

8000 

42 

57 

60 

0ASFL 

61 

75 

87 

Standard 

Deviation 

2.5 

2.5 

3.5 

Levels  for  automobiles  at  other  speeds  are  obtained  by  linear  interpolation. 
For  comparison  of  these  levels  with  those  used  In  the  NCHRP  117/144  method, 
it  should  be  noted  that  the  levels  in  Table  3 are  median  vsluss,  whereat  the 
NCHRP  levels  are  essentially  peak  values.  Thus,  for  direct  comparison, 

0,115  o2  must  be  added  to  the  values  in  Table  3 where  is  the  standard 
deviation  (this  can  be  demons t rated  by  an  analysis  similar  to  tbs  one  used  in 
the  derivation  of  Eq.  (12)).  Using  the  OASPL  value,  making  the  correction  for 
the  standard  deviation,  interpolating  for  60  mph,  and  correcting  to  100  ft 
(30.48  m),  the  comparative  values  in  Table  4 can  be  obtained. 
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Table  A Peak  levels  in  dBA  for  vehicles  at  60  mph  (96.6  kph)  at  100  ft  (30. AS  m) 


NCHRP  117/144 

TSC 

197A  NCHRP 

Autos 

6A.6 

66.2 

65.3 

Medium  Trucks 

- 

- 

75.3 

Heavy  Trucks 

77.2 

82. A 

79.9 

Calculation  of  L 

eq 

Using  essentially  the  same  notation  as  was  used  In  describing  the  NCHRP  method. 


s66  Jj ..“-I/IO  <LREFi  + 0-115°2>'10 

180'  2-(  5280  S 10 

vehicles 
speeds 

frequencies  (32) 


dB 


The  calculations  are  carried  out  approximately  as  Indicated  to  avoid  frequent 
Inefficient  "dB-suamlr:g . " However  the  contribution  of  one  term  could  be  writ- 
ten as 


M-eq  - LREFi  + 0.1l5o2  - 10  log10  Dg/100  + 10  log1()  Q/S  + 10  log10  48/180 

+ DEL4  - 18.3  dB  (33) 

It  will  be  noted  that  the  distance  correction  Is  based  on  the  10  dB  law. 

There  Is  no  correction  for  speed  here  because  L^^  already  Includes  s speed 

correction.  Otherwise  corrections  for  trsfflc  flow  and  roadway  length  are 
similar  to  those  In  the  NCHRP  method.  Severel  other  corrections  are  Included 
In  the  term  DEL^,  these  are  described  In  the  next  paragraphs. 


.v 


Contribution  of  Atmospheric  Attenuation 


The  contribution  to  DEL,  from  atmospheric  attenuation  is 


39  Is  the  octave  band  number 


Contribution  of  Acoustical  Shielding 


The  contribution  of  ecoustlcal  shielding  due  to  barriers  and  roadway  ele- 
vation effects  Is  based  on  the  Presnel  angle  If.,  where 


in  which  fj  Is  the  octave  center  frequency,  c Is  the  speed  of  sound,  and 
X + Y - Z le  the  deficiency,  as  shown  In  Fig.  3.  In  calculating  these  values 
nolsa  sources  for  automobiles  are  placed  on  the  road  surface,  nolea  sources 


u 

fete-  ; - 

■ 
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for  truck*  are  placed  8 ft  (2.4  m)  above  the  road,  while  the  user  can  aelect 
the  height  of  the  noise  source  for  the  third  vehicle. 

Then 


DEL^  - 


-20  log 


10 


tanh  /27[iT 


-20  log 


10 


/2r  N, 


ZiTiT 


-24 


for  Nji  -0.2 
for  -0.2  < £ 0 


for  0 < £ 12.5 

for  > 12.5 


(36) 


The  above  contribution  la  first  evaluated  for  the  nearest  point  on  the  road,  and 
for  points  at  the  ends  of  the  road  segments.  Whenever  a difference  of  eore  than 
1 dB  Is  obtained,  the  roadway  element  Is  halved,  and  the  calculation  Is  repeated. 


Contributions  of  Reflections  off  Barriers 

The  contributions  of  reflections  are  combined  with  the  acoustical  shielding 
effects  by  dB-sumailng. 


Contribution  of  Ground  Cover 

Attenuations  of  up  to  30  dB  are  calculated  for  the  effects  of  ground  cover. 
Including  shrubbery,  thick  grass,  and  tress. 

Output  of  TSC  Program 

The  TSC  program  computes  directly,  and  Includes  a procedure  developed  by 
Kurse  [14]  for  the  determination  of  the  standard  deviation  of  the  sound  level 


o^.  Then,  as  In  Eqs.  (12,  13  and  14) 

L50  ’ V °-115  V 

(37) 

L10  ‘ LS0  + ll28  °L 

(38) 

Sir  ' Leq  + 2’56 

(39) 

The  1974  NCHRP  Method 


The  new  design  guide  in  the  report  by  Kugler,  etal.  [§]  va§  developed  for  the 
NCHRP  In  1974.  It  contains  a short  method,  ualng  nomographs,  and  a computer 
program,  written  In  AMS1  standard  FORTRAN.  The  program  Is  In  two  parts,  the 
first  will  give  listed  results,  whlls  the  second  will  produce  the  Input  to  a 
CALC0KP  plotter  program. 
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Theoretical  Background 

The  new  guide  glvea  a method  leading  directly  to  the  calculation  of  L^,  from 

which  L.  „ can  be  obtained.  The  calculation  of  L la  made  aa  follows  (in  most 
10  eq 

cases,  the  terminology  of  the  present  report  has  been  used  in  place  of  that  given 

In  (8)): 

Le(j  - (EL  - 4)  + 10  log1Q  Q/SD  + 10  log1Q  46/180  + (1.2  - 10  log1Q  rj50) 

+ DEL#  + 2 (40) 


where  r la  the  distance  from  the  observer  to  the  nearest  par”  of  the  road  ale- 
n 

merit,  DELg  la  the  attenuation  due  to  barrier  or  road  alavatlon,  and  EL  la  the 

emission  level,  the  remaining  symbols  have  the  same  meaning  aa  in  the  section  on 
the  NCHRP  117/144  method. 

Application  of  the  Method 
Values  for  EL  arc  given  aa  follows 

Automobiles:  EL^  - 22  + 30  log10  S dB  («D 

Medium  trucks,  a new  designation:  EL^  ■ 32  + 30  log1(J  S dB  (42) 

thus  the  new  medium  truck  Is  exactly  10  dB  noisier  than  an  automobile. 

Heavy  trucks,  l.e.,  tractor  trailers:  ELj  - 90  dB  (43) 

Comparison  with  NCHRP  117/144 

To  compare  with  the  older  design  guids  or  NCHRP  117/144  methodology,  it  Is  best 
first,  to  reevaluate  Eqs.  (21,  22)  according  to  the  values  in  the  new  guide. 

These  now  appear  as 


Automobiles  at  100  ft  (30.48  n):  » 10  log^g  Q^2 

- 0.3 

dB 

(44) 

Medium  trucks  at  100  ft:  L#(J  - 10  log1Q  0>S>2  + 9.7 

dB 

(45) 

Heavy  trucks  at  100  ft:  - 10  log1Q  0y/T  + 47  • 7 

dB 

(46) 

Thus  the  new  guide  Increases  the  levels  of  automobiles  by  0.7  dB  and  heavy 
trucks  by  2.7  dB|  however,  compared  to  the  earlier  guide,  many  trucks  would  be 
taken  out  of  the  heavy  truck  category,  and  placed  in  the  new  medium  truck  cate- 
gory, so  that  overall  nolee  level  predictions  nay  not  increase  by  as  much  as 
2.7  dB.  An  alternative  approach,  which  permits  comparison  of  all  three  methods, 
Is  to  calculate  the  correapondlng  dBA  values  at  (0  mph  and  100  ft  and  to  enter 
the  resulta  Into  Table  4.  It  will  now  be  seen  that  the  new  1974  NCHRP  method 
gives  values  which  are  Intermediate  between  the  other  two. 


Distance  Correction 

The  distance  correction  now  becomes 
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DELI  - -10  log10  <De/100)  - 5 log10  (rn/100)  (47) 

This  new  correction  la  the  same  aa  the  old  one  of  Eq.  (24)  If  the  roadway  element 
peases  the  observer,  but  la  different  for  a distant  element. 


Vertical  and  Barrier  Corrections 

The  elevation  and  barrier  corrections  are  essentially  the  same  aa  In  the  TSC 
method,  but  with  a frequency  of  500  Ha.  However,  a completely  new  mnaograph 
has  been  drawn  for  finite  barriers,  with  corresponding  tables  stored  in  the 
computer  program. 

Lj0' Values 

Values  of  L,„  are  obtained  by  adding  the  values  In  Table  5 to  L . 

10  eq 


Table  5 Values  of  L^q  - correction  In  new  1974  NCHRP  design  guide 


Vehicle  density  parameter,  QD/S 
Vehicle  ft/mlle  Vehicle  m/km 


Correction 

L -L  d 
10  eq 


0 0 0 

10  1.894  -5 

25  4.74  -2 

50  9.47  1 

200  37.88  3 

3000  568.2  2 

16000  3030.0  1 

The  values  given  In  Table  5 are  new,  being  based  on  a statistical  analysis  of 
the  overall  problem.  Values  given  for  QD/S  greater  than  200  vehicle  ft/nlle 
(37.88  vehicle  m/km)  are  stated  to  be  within  i 2 dB. 


EVALUATION  OF  COMPUTER  PROGRAMS 

As  will  be  seen  In  Table  A1  of  the  appendix,  there  are  four  computer  programs 
which  are  of  especial  Interest.  These  are  the  MICHIGAN/144  and  HICNOISE  10 
programs  baaed  on  the  NCHRP  177/144  method,  the  TSC  program,  and  the  1974  NCHRP 
program.  The  first  three  of  these  are  based  on  methods  approved  by  the  FIMA, 
while  the  fourth  la  based  on  a method  which  will  probably  be  approved  shortly. 
There  are  maserous  variants  of  these  programs,  and  there  have  been  a number  of 
other  programs  which  do  not,  however,  have  FHVA  approval. 


Based  on  NCHRP  117/144  Method 


Havlland,  Noble  and  Golub  (9,  10]  have  evaluated  HICNOISE  2,  5,  and  5V  which 
are  earlier  variants  of  HICNOISE  10.  Except  In  the  matter  of  output,  HICNOISE  5 
la  almost  ldentlcel  to  MICHIGAN/144,  and  HICNOISE  SV  to  HICNOISE  10.  The  only 
difference  between  HICHIGAN/144  and  HICNOISE  10  Is  In  the  height  of  nolee 
sources  of  trucks  above  the  ground.  A summary  of  the  referenced  evaluation  Is 
given  In  Fig.  5,  which  shows  the  68X  confidence  bands  on  errors  between  calcu- 
lated and  experlswntal  values  of  L^q  for  five  test  sites.  Details  of  the  test 
sites  at  which  comparative  experlswntal  readings  were  obtained,  and  the  number 
of  measureswnts  made  at  each,  are  shown  In  Tsble  6. 
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Table  6 Details  of  teat  sites  used  in  evaluation  of  MICNOISE  2,  5 and  5V 
computer  programs 

No.  Route  Location  Geometry  Traffic  Number  of  15  min 

per  hour  readings 


1 

1-495 

Springfield,  Va. 

Depressed 

Roadway 

5,733 

16 

2 

1-495 

Alexandria,  Va. 

Level 

4,318 

12 

3 

1-64 

Fishervllle,  Va. 

Elevated 

Roadway 

713 

8 

4 

US  29 

Ruckersville,  Va. 

Depressed 

Roadway 

436 

7 

5 

1-95 

Doswell,  Va. 

Elevated 

Roadway 

2,304 

8 

The  68X  confidence  band  covers  the  mean  range  of  values  of  error  plus  and 
minus  one  standard  deviation  of  error.  Thus  there  is  a 16X  chance  that  the  er- 
ror will  fall  below  the  lowest  band,  in  which  case  the  computer  program  will 
underestimate  the  actual  L^q  level  by  more  than  one  standard  deviation. 

It  will  be  seen  from  Fig.  5 that  the  lower  band  is  at  about  -2  dB  for 
MICNOISE  2,  that  it  drops  to  -3  dB  for  MICN01SE  5,  due  to  introduction  of  a new 
acoustical  shielding  calculation,  and  that  it  Increases  to  -2  dB  again  for  MIC- 
NOISE 5V,  due  to  the  greater  height  used  for  truck  noise  sources.  However,  the 
probability  of  overeat lmat ion  is  greater  for  MICNOISE  5V  than  for  the  other 
variants,  as  is  indicated  by  the  reletively  higher  upper  limits. 


Error  on 


Overprediction 


» MICNOISE  2X 


MICNOISE  S 


• MICNOISE  5V 


Fig.  5 68X  confidence  Halts  for  errors  on  L^q  for  three  MICNOISE  variants 

(MICNOISE  5 le  equivalent  to  MICNICAN/IM  and  MICNOISE  5V  le  equiva- 
lent to  MICNOISE  10) 
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FHWA  does  not  require  better  than  SOX  chance  of  underestimation,  however,  ac- 
cording to  thla  study,  It  would  be  neceaaary  to  add  3 dB  to  MICHIGAN/144  and 
2 dB  to  the  MICNOISE  10  calculation*,  to  reduce  the  chance  of  undereatloatlon 
to  16*. 

Summarizing  other  contents  In  the  above  aentloned  evaluation,  and  In  the 
report  by  Kugler  , at  al.  [6]  which  contains  the  new  1974  NCHRP  method,  the  fol- 
lowing general  observations  can  be  Bad*  about  the  MICHIGAN/144  and  MICNOISE  10 
programs  which  are  baaed  on  the  NCHRP  117/144  method: 

1.  The  method  of  "dB-auaBlng"  of  L^q  contributions  from  different  vehi- 
cles and  road  elements  la  Incorrect,  and  can  be  readily  shown  to  lead  to  small 
inconsistencies. 

2.  The  method  fails  to  recognise  the  random  nature  of  Individual  vehicle 
noise  levels  and  of  vehicle  spacing  along  a road. 

3.  The  method  Is  partly  basad  on  empirical  laws  without  physical  Jus- 
tification. Examples  are  the  13  dB  distance  correction  and  the  effect*  of  dis- 
tance on  L,.q  and  L,^. 

4.  The  method  only  recognises  an  engine  noise  source  on  trucks.  Indepen- 
dent of  speed,  and  a tire  noise  source  on  automobiles,  dependent  on  the  cube  of 
the  speed.  More  la  known  about  the  aources  of  n.  ae  than  la  Indicated  by  this, 
and  could  be  readily  Included  in  the  nethod. 

3.  On  nany  roads,  the  predoalnant  truck  is  not  the  tractor  trailer,  for 
which  the  program  la  designed,  but  rather  It  is  a medium  type  of  truck,  such  aa 
those  uaed  In  truck  farming,  local  delivery,  etc.  If  these  medium  trucks  are 
counted  in  the  NCHRP  117/144  method,  they  lead  to  overpredict Ion  of  nolae  levels 
Note  that  the  program  based  on  the  1974  NCHRP  method  Includes  medium  trucks. 


The  TSC  Method 

The  TSC  method  has  been  used  by  a number  of  hlghvay  engineers  and  consultants. 
As  might  be  Inferred  from  Table  4,  It  predicts  higher  levels  than  do  the  other 
methods.  However,  the  methodology  used  appears  to  be  more  closely  based  on 
physical  principles. 

In  comparison  with  the  NCHRP  117/144  method,  probsbly  the  most  distinct 
difference  that  can  be  noted  Is  that,  whereas  the  TSC  method  Is  the  sure  theo- 
retically correct,  the  NCHRP  method  Is  based  on  many  field  measurements,  and  Is 
therefore  expected  to  be  the  more  accurate,  on  an  empirical  basis. 


Program  Based  on  the  1974  NCHRP  Method 

In  proposing  this  method,  Kugler,  at,al.  [8]  performed  an  exhaustive  review  of 
the  overall  problem,  conducted  surveys  of  users  of  NCHRP  117/144  and  TSC  method*, 
and  made  many  field  measurements.  Therefore,  the  program  based  on  this  method 
can  be  expected  to  be  as  good  as  any  available.  Examining  Table  4,  one  sees 
that  enough  conservatism  (an  Increase  of  2.7  dB  for  trucks)  has  been  added  to 
cover  the  68Z  confidence  band  noted  In  the  discussion  of  the  NCHRP  117/144  me- 
thods. Also,  the  new  medium  truck  category  will  svold  the  problems  of  overpre- 
dlctlon  under  many  conditions.  From  s cursory  review  of  the  method,  the  only 
remaining  criticisms  concern  the  continued  dB-summlng  of  L10  levels,  and  the 

treatment  of  vehicle  noise  sources.  At  tbs  present  time,  unexpected  delays  in 
the  development  of  the  new  guide  are  responsible  for  a delay  In  Its  approval  and 
distribution. 


PROGRAM  SIMMIES 


MICHIGAN/144  [6] 

Capability:  Prediction  of  highway  nolss  levels  (lJ0,  L1Q,  l , NPL,  TNI)  st 
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location*  specified  by  user,  or  distance  from  nearest  lane  to  a given  Lj. 
contour. 

Method:  NCHRP  117  (4)  and  144  [ S ) 

Input:  The  Input  In  supplied  through  a teletype  keyboard  to  an  Interactive  pro- 

gram. Therefore  some  Irrelevant  Input  data  la  deleted  through  the  system 
logic.  All  or  part  of  the  following  data  Is  required  for  each  roadway  ele- 
ment, but  some  may  be  deleted  for  a new  observer  location  on  a continuation 
run.  Number  of  lane  groups  per  element;  vehicles  per  hour;  percent  trucks, 
speeds  of  trucks  and  automobiles;  road  elevation;  distance  of  observer  from 
near  lane;  number  of  lanes  per  lane  group;  grade,  surface,  and  structure 
attenuations;  median  width;  roadway  Included  angle;  observer  height;  dis- 
tance to  roadway  shoulder  or  cut;  barrier  height  and  Included  angle. 

Output:  Ljq  values  for  automobiles  and  trucks,  separately  and  combined  for  each 

lane  group.  Overall  values  for  L^,  L^,  L^ , NPL,  and  TNI  to  nearest  de- 
cibel. Alternatively,  distance  from  nearest  lane  to  a given  L..  contour. 

Language:  FORTRAN  IV  1 

Hardware:  Burroughs  5500  through  time-sharing  remote  terminal. 

Usage:  Extensive 

Developer:  Mr.  G.  H.  Grove,  Electronic  Engineer 

Michigan  Department  of  State  Highways  and  Transportation 
Research  Laboratory  Section 
735  E.  Saginaw  Street 
Lansing,  Michigan  48906 

Availability:  FORTRAN  IV  listing  In  manual  [6] 

Subjective  Comments:  Based  on  method  approved  by  FHWA. 


MICNOISE  10 

Capability:  Same  as  tor  MICHIGAN/144. 

Method:  Same  as  MICHIGAN/144. 

Input:  Same  as  MICHIGAN/144,  but  on  cards  In  batch  format. 

Output:  Sinaury  of  Input  data,  followed  by  same  output  as  MICHIGAN/144. 

Language:  FORTRAN  IV  for  IBM  370. 

Hardware:  IBM  370  through  batch  loading,  HASP  II  system. 

Usage : Extensive 

Developer:  Adapted  for  batch  programming  from  MICHIGAN/144  program  by 

Ron  Helssler 

Virginia  Department  of  Highways  and  Transportation 
1221  E.  Broad  Street 
Richmond,  Virginia  23230 

Availability:  Request  listing  and  card  deck  from  Helssler. 

Subjective  Comments:  The  only  change  from  MICHIGAN/144  la  placement  of  truck 

noise  sources  13.5  ft  above  road.  In  place  of  8 ft.  Based  on  method  ap- 
proved by  FHWA. 


TSC 

Capability:  Prediction  of  highway  noise  levels  (L,..,  L^q,  L^q,  L(  , NPL). 

Method:  TSC  [7] 

Input:  Programmed  for  batch  Input  using  5 card  formats,  as  follows.  Program 

lnltlallsatlon-recslvsr  height;  frequency  bands;  standard  deviations  and 
source  heights  for  passenger  cars,  trucks,  and  new  (l.e.  user  designated) 
vehicles;  spectrum  for  new  vehicles.  Road  and  vehicle  data  - traffic  flows 
by  vehicle  type  and  speed  group;  road  element  coordinates.  Barrier  para- 
meters - barrier  top  coordinates;  barrier  type.  Ground  cover  parameters  - 
centerline  coordinates;  width;  typs.  Receiver  data  - coordinates. 

Output-  Input  siuoary;  octave  and  A-welghted  values  for  L . Overall  values 
tor  L50,  Liq.  NPL. 
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Language:  FORTRAN  IV 

Hardware:  Originally  written  for  IBM  7094.  Has  been  used  on  IBM  and  CDC  com- 

puters. 

Usage:  Extensive 

Developer:  J.  Wesler  (presently  at:) 

Office  of  Noise  Abatement 

U.S.  Department  of  Transportation 

Washington,  D.  C.,  20590 

Availability:  FORTRAN  IV  program  for  IBM  7094  listing  Is  In  |7).  Contact 

J.  Wesler  for  help  In  locating  program  for  a given  computer. 

Subjective  Comments:  Based  on  melhud  approved  by  FHWA.  There  are  problems  with 

program  as  listed  in  [7],  and  potential  users  should  refer  to  J.  Wesler 
before  use. 


1974  NCHRP  (8) 

Capability:  Prediction  of  highway  noise  levels,  L..  or  Lg  , comparison  with 

design  levels,  contours  of  noise  levels.  e<* 

Method:  1974  NCHRP  18]. 

Input:  Input  Is  by  batch  loading  on  four  data  card  formats,  with  five  control 

card  types.  RDWY  card-coordinates  of  roadways  by  element,  with  Information 
on  surface  texture  and  gradient  of  road.  TPAR  card-vehicle  type,  flow  vol- 
ume and  speed.  BARR  card  - top  point  coordinates  of  barriers,  by  element; 
barrier  designation  as  normal,  single  structure,  or  vegetation.  RCVR  card- 
receiver  coordinates.  Control  cards  include  provisions  for  labelling  and 
for  adding  data  for  subsequent  runs. 

Output:  The  output  consists  of  listings  and  magnetic  tape.  Listings  Include 

the  following:  suamary  printout  of  Input  data;  (or  L^  with  a small 

program  change)  to  the  nearest  0,5  dB,  and  amount  by  which  design  level  is 
exceeded;  suoaaary  of  points  at  which  levels  are  exceeded  and  critical 
roadway  elements  responsible.  The  magnetic  tape  contains  Instructions  to 
a CALC0MP  plotter  for  a contour  map  of  noise  levels. 

Language:  FORTRAN  IV  (ANSI  Standard  X3. 9-1966).  Assumes  at  least  4 alphanumerlcs 

to  a computer  word. 

Hardware:  Program  has  been  run  on  a CDC-6400.  CALCOMP  30  in.  drum  plotter  re- 

quired for  optional  contour  plots. 

Usage:  Has  only  been  used  on  a trial  basis. 

Developers:  Nicolaus  H.  Reddlnglus  and  Noel  Lockwood 

Bolt,  Beranck,  and  Newman,  Inc. 

Waltham,  Massachusetts  02154 

Availability:  FORTRAN  IV  listing  In  [8].  Available  on  loan  from: 

David  K.  Wltherford  (Project  Engineer) 

National  Cooperative  Highway  Research  Program 
2101  Constitution  Avenue,  N.W. 

Washington,  D.C.,  20418 

Subjective  Comments:  The  method  la  presently  being  evaluated.  Will  probably 

be  the  only  method  approved  by  FHWA  eventually. 


SUMMARY 

The  methodologies  approved  by  FHWA  (or  for  which  approval  la  anticipated),  the 
four  corresponding  computer  programs,  their  verlants,  and  other  computer  programs 
for  highway  noise,  are  sumsurlzed  in  Table  Al.  The  Information  given  In  [15]  la 
acknowledged,  this  includes  several  programs  used  In  the  UK,  (ANGER,  NOISE,  MWAY 
and  CONTOUR)  for  which  inadequate  references  are  available. 

Basic  Information  on  the  four  computer  programs  is  summarized  in  Table  A2 
in  the  appendix. 

Differences  between  the  four  programs  are  relatively  minor,  since  all  lean 
heavily  on  empirical  laws.  The  1974  NCHRP  method  has  been  developed  as  a result 
of  an  extensive  evaluation  of  the  other  two  methods,  and  of  the  overall  problem 
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of  highway  noise  prediction,  combined  with  a comprehensive  program  of  field  mea- 
surement. It  la  strongly  oriented  towards  the  problem  of  designing  barriers  In 
an  optimum  manner.  In  the  light  of  the  current  state  of  the  art,  It  is  difficult 
to  see  how  any  prospective  user  can  do  better  than  to  adopt  and  use  the  new  1974 
NCHRP  method,  once  It  has  been  approved. 

The  problems  encountered  In  coming  up  with  really  satisfactory  methods  of 
predicting  highway  noise  are  typical  of  those  encountered  in  any  systematic  ap- 
proach to  acoustical  analysis.  The  form  of  the  acoustical  equation,  and  many  of 
the  solutions  for  simple  boundary  conditions  have  been  known  since  the  nineteenth 
century.  However,  whereas  new  and  powerful  methods  of  analytical  solutions  have 
been  developed  In  such  fields  as  fluid  dynamics  and  solid  mechanics,  the  acousti- 
cal equation  has  defied  the  modern  computer,  so  that  methods  of  predicting  atten- 
uations In  the  presence  of  obstructions  and  rough  ground  are  still  quite  unrelia- 
ble. As  was  noted  In  [9,  10],  typical  prediction  errors  have  standard  devia- 
tions of  2 to  1 dB,  representing  factors  of  up  to  two  on  mean  square  pressures. 
There  are  few  fields  In  which  one  Is  happy  to  come  within  a factor  of  two! 

If  one  Is  to  criticize  the  1974  NCHRP  method,  it  la  in  the  lack  of  confidence 
limits  in  the  output.  The  whole  subject  of  highway  noise  prediction  Is  full  of 
statistical  variations.  To  name  a few:  each  vehicle  has  Its  own  noise  level; 
vehicle  spacing  Is  governed  by  traffic  flow  laws;  actual  traffic  flows  fluctuate 
considerably;  wind  and  atmosphere  conditions  vary  from  hour  to  hour;  effects  of 
vegetation,  little  understood  anyway,  va;  • with  the  seasons;  and  as  already  noted, 
attenuation  near  the  ground  is  understood  very  Imperfectly.  An  attempt  to  cope 
with  some  of  these  problems  was  evident  In  the  TSC  method,  however,  although  the 

derivation  of  the  L,„  - L correction  was  based  on  statistical  considerations  In 
10  eq 

the  1974  NCHRP  method,  the  result  was  almost  a reversion  to  the  NCHRP/117  approach. 
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APPENDIX 


Table  A1  Suaaury  of  Methodologle*  for  Highway  Nolae  Prediction,  and  of  the 
Corraiponding  Computer  Programs 


Methodology 
(FHVA  approved) 

Current  Programs 

Other  Variants  and 
Previous  Programs 

NCHRP  117/144  {4,5) 

Mlchlgan/144  (6) 
MICNOXSE  [10] 

Mlchlgan/177 

MICNOISE  2,  5,  5V  [9,10] 
N0I9E  [15] 

TSC  [7] 

TSC 

1974  NCHRP  [8]* 

1974  NCHRP 

Rhode  Island  1-84  [15,16] 
NOISES IM  [9] 

* Approval  by  FHWA  la  anticipated. 


Table  A2  Comparison  of  A Computer  Programs  for  Highway  Noise  Prediction 


i 


Name  of  Program 

MICHIGAN/144 

MICNOISE  10 

TSC 

1974  NCHRP 

Method 

NCHRP  117/ 
144  [6,7] 

NCHRP  117/ 
144  [6,7] 

TSC  [7] 

1974  NCHRP 
[«] 

Computer 

Burroughs 

5500 

IBM  370 

- 

- 

Language 

FORTRAN  IV 

FORTRAN  IV 

FORTRAN  IV 

FORTRAN  IV 

Max.  dBA  levels 
at  100  ft 
at  60  mph 

i Auto 

64.6 

64.6 

66.2 

65.3 

Medium  Truck 

- 

- 

- 

75.3 

Truck 

77.2 

77.2 

82.4 

79.9 

Diet.  Corrections 
for  Tanfold 

Increase 

-15  dB 

-15  dB 

-10  dB 

-15  dB 

Max.  Barrier 
Correction 

-15  dB 

-15  dB 

-24.5  dB 

-20  dB 

Liquid  Propellant  Dynamics  Analysis 

Frank  M.  Bugs 

Marshall  Space  Fli/thl  Center 


INTRODUCTION 

Th«  Saturn  IB  launch  vehicle,  ai  uiad  in  the  Apollo  Soyux  Test  Project,  con- 
tains approximately  1.1  million  pounds  of  liquid  propellant  at  lift-off.  The 
propellant  la  87X  of  the  vehlcla  weight,  and  this  percentage  is  typical  of  liq- 
uid fueled  launch  vehicles.  Early  in  this  country's  space  program  it  was  dis- 
covered that  avoidance  of  control  iyatam/llquld  resonance  conditions,  provision 
of  adequate  damping,  and,  therefore,  knowledge  of  normal  mode*  of  lltfild  oscil- 
lation in  propellant  tanka  are  essential  for  successful  launch  and  boost  flight 
of  large  liquid  fueled  rockets. 

The  Apollo  moon  missions  had  as  part  of  their  flight  plans  an  orbital 
coast  of  the  Saturn  S-IV8  stage  containing  157,000  lbra  of  liquid  oxygen  and  hy- 
drogen in  its  22 -foot-diameter  tanks.  Curing  the  coast  period  it  was  required 
that  pressure  relief  vents  be  kept  free  of  liquid  and  that  the  engine  feedline 
inlets  remain  submerged  in  preparation  for  engine  restart,  while  vehicle  orien- 
tation was  maintained  by  a system  of  reaction  Jets.  Future  space  transporta- 
tion systems  (including  Spaca  Shuttle  and  Tug)  will  perform  satellite  deploy- 
ment, maintenance,  and  retrieval  operations  which  will  Include  rendesvous  and 
docking  maneuvers  with  large  quantities  of  liquid  propellant  onboard.  Knowl- 
edge of  liquid  location  in  the  tanks  and  llquld/tsnk/control  system  force  in- 
ter ectlons  will  also  be  important  in  these  flights. 

Many  Investigations,  both  thaoratlcal  and  exparlmsntal,  have  been  conduct- 
ed in  the  past  17  years  to  provide  solutions  to  propellant  dynamics  problems  as 
typified  in  the  above  examples.  A few  of  the  resulting  computer  programs  will 
be  discussed  in  this  chapter.  The  prograau  are  available  at  no  cost  through 
tha  author,  Marshall  Space  Flight  Cantor. 


NOMENCLATURE 

a - Acceleration  tending  to  prats  liquid  against  its  container  wall 
B “ Bond  number,  &■ 

Ti  m Horlsontal  force  exerted  by  a liquid  on  its  container 
FZ  **  Vertical  force  smarted  by  a liquid  on  its  container 
g “ Standard  acceleration  due  to  Earth's  gravity,  9.80665  m/eec? 

R » Tank  radius 
X ■ An  empirical  coefficient 
p « Liquid  density 
0 " Liquid  surface  tension 


PROPELLANT  BEHAVIOR  REGIMES 

The  Bond  number,  B,  is  a dimensionless  parameter  which  gives  the  ratio  of  ac- 
celeration forces  to  surface  tension  forces  on  a liquid. 
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where!  pm  liquid  deni  It  y 
a - acceleration 
8 « tank  radiut 
O-  liquid  aurface  tanelon 

Bond  number  la  generally  uiad  to  catagorlte  propellant  behavior  reglmea.  High 
Bond  number  typically  exlita  while  engine*  are  t bruiting,  and  may  alto  exlat 
for  tanka  with  a larga  radlua  In  low  earth  orbit  coaat.  The  low  acceleration 
environment  of  orbital  or  Interplanetary  coaat  and  email  tank  alae  reault  In 
aurface  tenalon  dominated  or  low  Bond  number  propellant  dynamic a. 

Oaclllatory  liquid  notion  can  occur  at  either  high  or  low  Bond  number.  Ac- 
celeration configure*  the  equilibrium  liquid  fra*  aurface  for  B>1  and  provide* 
the  reatorlng  fore*  which  auataina  oaclllatlona  about  the  equilibrium.  For 
B<  1,  aurface  tenalon  mlnlmltat  the  fra*  aurface  area  conalatant  with  liquid/ 
tank  wall  contact  angle  and  liquid  volume.  Oaclllatlona  occur  about  thla  curved 
(nearly  apharlcal)  equilibrium. 

Tran* lent  liquid  motion  la  of  concern  during  the  docking  of  two  apacacraft. 
Propellant  aaatad  at  on*  and  of  a.  apacacraft'*  tank  may  receive  a audden  accel- 
eration toward  the  oppoalt*  and  aa  a reault  of  thruatar  fir  Inga  or  docking  Im- 
pact. Similar  liquid  motion,  flow  from  one  tank  end  to  the  othar,  can  alao 
affect  tha  reentry  trajectory  and  dabrl*  impact  area  of  apant  atagea. 

Computer  program*  for  analyala  of  high  Bond  number  oaclllatory  liquid 
motion  will  be  conaldered  firat. 


COMPUTER  PROGRAMS 
High  Bond  Number 
Lomen  Sloah 

The  aquation*  of  motion  are  linear  lied  and  aolvad  for  amall  amplitude  oacllla- 
tlona of  an  Ideal,  lncoapraaalbla  liquid  In  a tank  daacrlbad  by  tha  revolution 
of  an  arbitrary  curve  about  an  ax  la  of  aymmatry.  The  acceleration  muat  be  par- 
allel to  the  axla.  The  tank  ahape  generating  curve  1*  Input  aa  a aarlaa  of 
aagmanta  which  can  b*  atralght  Una,  circular,  elliptical,  or  parabolic.  Up  to 
30  ring  baffle*,  In  plana*  porpendlcular  to  the  tank  axla,  can  be  Included.  A 
liquid  level  OMaaured  from  the  tank  bottom  define*  each  caae. 

The  output  give*  eigenvalue*  and  eigenvector*  for  up  to  five  aloah  mode*. 
The  force  dlatributlon  on  tha  tank  wall  and  the  canter  of  prasaure  are  calcula- 
ted. Inatantaneoua  and  average  energy  dlaalpetlon  rate*  are  computed  if  there 
are  bafflea  In  the  tank. 

Component*  of  a aprlng-aaaa  modal  of  the  oeclllatlng  liquid  are  alao  com- 
puted. In  control  and  atablllty  atudlaa  It  le  convenient  to  repreaent  tha 
aloahlng  liquid  aa  a aaaa  attached  to  tha  tank  wall  by  a aprlng  and  a atatlon- 
ary  me  a a near  the  tank  bottom.  The  force*  and  momenta  exerted  on  tha  tank  wall 
and  tha  frequency  of  tha  aloahlng  liquid  are  matched  by  the  eprlng-maa*  model. 
The  moving  meat  la  referred  to  a*  tha  aloah  meet.  The  program  compute*  and  _ 
plot*  total  liquid  maaa,  aloah  frequency  for  an  acceleration  of  9.80665  m/eec  , 
aloah  me**,  and  aloah  aaaa  location  aa  a function  of  liquid  level  In  the  tank 
for  each  mode.  For  a particular  problem,  the  frequency  calculated  ahould  be 
multiplied  by  the  aquara  root  of  the  applied  acceleration  In  g'a.  A ayamatrlc 
half  of  the  tenk  la  alao  plotted.  An  example  of  tbeae  plot*  1*  ah  own  In  Fig.  1 
for  the  Space  Shuttle  liquid  oxygen  tank.  The  run  time  for  the  caae  plotted 
waa  5 adnutaa  on  the  UNXVAC  1108.  Thla  wa*  for  calculation  of  the  firat  mode 
at  13  liquid  level*. 

Tha  accuracy  of  the  program  reault*  ha*  been  verified  by  laboratory  and 
flight  data.  The  calculated  frequency  baa  boon  found  to  bo  within  0.5X  of 
mtaaured  value*  for  moat  caaea.  Uaa  of  the  aprlng-maae  analogy  paraamter*  In 
tha  Saturn  program  haa  proven  euccaaeful  for  avoidance  of  aloeb/control  eyatem 


UQum  mom  mnt 


2IJ 


Instability,  Tha  parameter!  have  been  uied  to  elnulate  high  Bond  number  iloah 
during  Saturn  boo  at  flight  (S  “ 107)  and  during  low  orbit  coast  (B  • 107).  The 
frequency  accuracy  was  not  as  high  at  B • 100  (0.0030  Hz  measured  and  0.0032  Hz 
calculated)  which  Is  a possible  Indication  that  some  low  Bond  number  effects 
were  Involved.  > 

The  program  Is  written  In  NASTKAN  for  both  the  IBM  7094  and  the  UNXVAC 
1108.  Details  of  the  equations  solved,  solution  method,  program  Input,  and  pro- 
gram output  are  given  In  [1]  and  [2]. 


Fig.  1 Spring-mass  analogy  parameters 


SL0SH3 

This  program  uses  a finite  element  approach  to  fluid  sloshing  and  fluid/struc- 
ture vibration  analysis.  Compressible  tetrahedral,  pentahedral,  and  haxahadral 
elements  are  formulated  to  represent  tha  liquid,  quadrilateral  membrane  and 
plate  bending  structural  elements  are  used  to  represent  the  container  wall. 
Kinetic  and  potential  energy  are  expressed  as  functions  of  modal  dlsplscsawnts, 
making  the  formulation  similar  to  that  for  structural  elements,  except  that  the 
fluid  can  possess  gravitational  potential  end  the  fluid  equations  contain  no 
shear  coefficients.  The  structural  end  fluid  elements  sre  designed  to  be  used 
Interchangeably  In  an  efficient  sparse  matrix  computer  routine. 

The  current  program  Is  temporary,  pending  incorporation  of  the  fluid  ele- 
ments Into  an  existing  structural  analysis  program  of  greeter  speed,  capacity, 
and  generality.  Some  features  of  the  current  program  arei 
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1.  Automatic  network  generator*  for  ilrapllfled  Input. 

2.  Full  matrix  elgenaolver  with  automatic  atrip  width  alt*  selection  to 
fit  core  allocation.  The  solution  Is  by  trldligonallzatlon  and  Householder 
reduction. 

3.  Extensive  output  options,  checks,  and  plotting  capability.  All  modes 
up  to  specified  frequency  ere  calculated,  but  solution  data  are  printed  and 
plotted  only  for  the  frequency  range  selected. 

The  program  Input  Is  mainly  element  geometry,  joint  locations,  Joint  con- 
straints, selection  of  frequency  range,  and  option  specification.  The  program 
output  Includes  the  assembled  mass  and  stiffness  matrices  for  all  elements,  the 
mode  shapes,  and  the  modal  frequencies.  These  are  computed  for  liquid  oscil- 
lating in  tanka  of  arbitrary  shape. 

The  accuracy  of  the  slosh  frequency  calculation  la  a strong  function  of 
the  configuration  of  liquid  elements  In  the  tank.  Quarter  models  of  liquid  In 
a circular  cylindrical  tank  are  shown  In  Fig.  2.  Figure  2e  shows  a computer 
plot  of  the  first  lateral  slosh  mod*.  Using  ths  element  configuration  shown  In 
Fig.  2b,  a frequency  n lass  than  the  closed  form  value  was  calculated,  while 


Fig.  2 Finite  element  quarter  models 
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the  liquid  reprei entatlon  of  Fig.  2c  gave  a frequency  with  only  1.5%  error.  All 
of  the  ilgnlflcant  liquid  motion  takes  place  within  one  tank  radlua  of  the  free 
aurface  for  flrit  lateral  mode  liquid  iloah  In  a circular  cylinderi  therefore, 
greater  accuracy  waa  expected  for  the  configuration  In  Fig.  2c  with  elementa  two 
deep  In  thi*  region.  The  configuration  in  Fig.  2c  had  77  unraatralned  degreea 
of  freedom  and  the  modal  aolutlon  required  1 minute  and  21  aeconde  of  UN1VAC 
1108  cpu  time. 

Flgurea  2d,  2e,  and  2f  a how  three  axlsynmatric  modee  of  coupled  liquid  and 
flexible  cylinder  motion.  The  frequency  of  the  flrat  of  these  modes  was  checked 
and  found  to  be  within  1%  of  the  closed  form  value. 


Hydroalastlc  Slosh 

The  purpose  of  this  program  Is  to  compute  mode  shapes  and  frequencies  for 
coupled  llquld/tank  modes  In  the  Space  Shuttle  propellant  tanks  for  the  range  of 
tank  tilt  angles  expected  during  Shuttle  boost  flight.  The  Initial  program  ver- 
sion Is  specifically  for  modaa  in  tha  Shuttle  external  liquid  oxygen  tank. 

Finite  element  representation  of  liquid  end  tank  la  utilised.  The  basic 
fluid  element  is  a tetrahedron)  pentahedrons  and  hexahedrons  are  constructed 
from  these.  A linear  displacement  field  Is  used  for  the  element.  The  mass  and 
stiffness  matrices  for  the  fluid  almants  are  obtained  from  the  kinetic  and  po- 
tential energies,  respectively.  Tha  potential  energy  consists  of  dllatlonal 
strain  energy  (compressible  liquid)  end  gravitational  potential  energy,  quadri- 
lateral plate  elements  ere  used  to  represent  the  tank. 

Two  algensolutlon  methods  are  used.  A Jacobi  routine  computes  modes  for 
systems  with  115  or  fewer  degrees  of  freedom  and  an  Iterative  Raylalgh-ftlts 
method  la  employed  for  larger  problems.  With  the  Raylelgh-Rlts  procedure  a fre- 
quency of  Inter ist  Is  specified  and  only  modes  near  this  frequency  are  computed 
(If  the  significant  slosh  modes  are  to  be  calculated,  this  procedure  Is  effi- 
cient since  computation  of  many  extraneous  circulation  modes  Is  avoided)  but  for 
structural  analysis  where  all  structural  modes  up  to  earns  frequency  must  be 
found,  overlapping  f.-equency  ranges  end  the  large  number  of  runs  required  de- 
crease the  efficiency '. 

Automatic  generat'on  of  finite  element  data  Is  provided  and  only  basic  In- 
formation such  as  fluid  level,  tilt  angle,  number  of  vertical  tank  divisions, 
wall  thickness,  and  material  properties  are  required  as  Input.  An  extension  of 
this  program  to  Include  automatli'.  date  generation  for  user  specified  tank  shape 
Is  planned. 

Figure  3 shows  computer  plots  of  the  Shuttle  oxygen  tank  for  two  fill 
levels.  Figure  3a  Is  the  first  lateral  slosh  mode  for  a liquid  level  487  inches 
above  the  tank  bottom.  The  frequency,  0.515  Hs,  la  within  61  of  the  frequency 
by  the  Loman  program  shown  In  Fig.  lc.  It  Is  likely  that  modeling  with  more 
fluid  elements  near  the  surface  (as  demonstrated  above  for  SLOSH5)  would  In- 
crease accuracy  for  the  frequency  calculation.  Figures  3b  end  3c  show  s front 
and  side  view  of  the  element  arrangement  for  liquid  st  the  317  Inch  level  In  a 
tank  tilted  13°. 

The  program  Is  written  In  FORTRAN  for  the  UNXVAC  1108  computer.  Program 
details  era  described  In  [5], 


Low  Bond  (Amber 

The  first  two  programs  discussed  for  low  Bond  number  solve  eigenvalue  problems 
end,  thus,  give  Information  on  oscillatory  liquid  motion.  The  remaining  three 
programs  were  developed  primarily  for  transient  response  studies  but  will  give  a 
first  lateral  mode  frequency  for  esses  which  produce  oscillatory  motion.  The 
transient  motion  programs  esn  be  applied  in  either  high  or  low  Bond  regimes  but 
ere  more  accurate  for  the  slow,  orderly  (sdnlnum  surface  splashing  or  rippling) 
liquid  motion  which  often  characterises  large  amplitude  low  Bond  flow. 


Fig.  3 Finite  element  Space  Shuttle  oxygen  tank  models 


LOBOND 

A combination  of  two  programs  computes  the  equilibrium  free  surface  shape  and 
the  lateral  vibration  'X)da  shapes  and  frequencies  for  liquid  In  a container  of 
arbitrary  axlsymmetrlc  shape  with  surface  tension  forces  the  same  order  of  mag- 
nitude as  acceleration  forces  <Bond  number  ~1).  A force  balance  Is  the  basis 
for  the  equilibrium  free  surface  shape  equations.  The  Input  is  difficult  since 
It  requires  coefficients  which  are  related  to  the  free  surface  defining  vari- 
ables (fill  percentage,  contact  angle,  tank  shape,  surface  tension,  accelera- 
tion), rather  than  the  variables  directly.  An  iterative  procedure  la  used  and 
convergence  depends  on  proper  choice  of  Input  coefficients.  Using  this  program, 
overhanging  (double  valued)  surface  shapes  can  be  determined. 

Mass  and  stiffness  autrlces  are  calculated  for  the  vibration  analysis  using 
a finite  eleawnt  approach.  The  continuous  liquid  Is  assumed  to  be  composed  of 
simple  elements,  such  as  tetrahedrons,  pentahedrons,  and  hexahedrons  for  the 
volumetric  fluid  elements,  and  triangles  end  quadrilaterals  for  the  surface  ele- 
ments (both  gravitational  and  surface  tension).  The  derivation  to  obtain  tha 
finite  element  mass  and  stiffness  matrices  Is  based  on  kinetic  energy  and  strain 
energy  principles,  respectively. 

An  iterative  Raylelgh-klts  routine  (described  In  [Si)  Is  used  to  compute 
modes  and  frequencies.  Three  basic  node  types  ware  founds  Internal  circulation 
modes  (no  surface  movement),  compression  modes,  and  slosh  modes.  Tha  compres- 
sion mode  frequencies  are  high  compared  to  the  others,  but  It  was  difficult  to 
distinguish  between  circulation  and  slosh  modes.  For  a particular  test  case,  a 
second  run  was  made  with  acceleration  and  surface  tension  increased  by  two 
orders  of  augnltudo.  The  results  showed  proportional  changes  In  frequency 
squared  for  the  slosh  modes  and  little  affect  on  tbs  circulation  modes!  and  In 
this  way  the  two  types  were  identified.  No  comparisons  with  experimental  re- 
sults have  yet  been  made. 

LOBOND  Is  written  In  FOBTKAN  for  the  UNIVAC  1108  computer.  Details  of  the 
program  and  results  for  slosh  at  a Bond  number  equal  to  one  In  a particular  tank 
shape  are  given  in  [(]. 


IJQlllti  PROPELLANT 


219 


Marcury  Sloth 

A spacecraft  concept  callad  Solar  Electric  Propulalon  Stag*  (SEPS)  haa  bean 
atudled  and  conaldarad  for  transportation  of  payloada  between  low  Earth  orbit 
and  gaoaynchronoua  orblta.  A rauaable  vehicle  waa  envisioned,  propelled  by 
accelerated  mercury  Iona.  A candidate  mercury  atorage  system  conalated  of 
apharlcal  tanka  with  a hemlapharical  neoprana  bladder  separating  the  marcury 
from  Ita  pressurizing  gas.  As  the  marcury  la  depleted,  the  bladder  slowly  In- 
verts, assuming  shapes  detarmlnad  by  the  marcury  voluma,  bladder  stiffness,  and 
acceleration  environment.  A computer  program  haa  bean  developed  to  compute 
equilibrium  shapes  of  tha  marcury  and  bladder  for  various  tank  fill  percentages, 
and  to  compute  vibration  mode  shapes  and  frequencies  at  these  equilibriums. 

The  program  consists  of  tha  two  parts,  as  with  LOBOND  discussed  above;  the 
equilibrium  shape  la  computed  and  used  In  a vibration  analysis.  An  energy  mini- 
mization procedure  la  used  to  determine  equilibrium  shape.  Important  differences 
between  factors  determining  tha  equilibrium  surface  formed  by  the  bladder  and 
those  for  a free  liquid  surface  at  low  Bond  number  are  the  bladder  bending  stiff- 
ness and  constant  surface  area.  Some  of  the  Inputs  to  the  static  surface  shape 
program  are  bladder  thickness,  Young's  modulus  for  tha  bladder  material,  fluid 
density,  tank  acceleration,  ullage  pressure,  tank  radius,  and  ullage  volume. 

The  bladder  Is  represented  by  triangular  mambrsne  and  bending  elements,  and 
tha  mercury  la  In  tha  form  of  tetrahedrons,  pentahedrons,  and  haxahedrona  for 
formation  of  mesa  and  atiffnesa  matrices.  Again  the  Eeylelgh-Rltz  technique  of 
[3]  Is  used  to  compute  mode  shapes  and  frequencies. 

Equilibrium  shapes  computed  by  the  progrmz  ere  shown  In  Pig.  A,  along  with 
two  computer  generated  mode  shape  plots.  The  equilibrium  shapes  are  for  a tank 
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Pig.  A Mercury/bladder  configuration  and  modes  In  a spherical  tank 
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acceleration  of  10  g,  whereas  the  inodes  are  at  1 g.  The  calculations  are  for 
a bladder  0.06  Inch  thick  In  a 16  Inch  diameter  tank. 

The  program  la  In  FORTRAN  for  the  UNIVAC  1108  computer,  and  details  are 
given  In  [7]. 


LAMPS 

LAMPS  la  a program  to  simulate  the  large  amplitude  slosh  of  propellant  In  a low 
gravity  environment.  The  simulation  la  two-dimensional  and  conatralna  the  fluid 
to  move  as  a point  mass  on  a surface  generated  by  slowly  rotating  the  tank  (ana- 
lytically) In  high  gravity  and  tracing  the  path  the  center  of  mass  prescribes. 

In  the  simulation  this  surface  la  represented  by  piece-wise  continuous  ellipti- 
cal segments.  Updating  of  these  segments  la  performed  to  insure  that  the  center 
of  mass  doea  not  deviate  substantially  from  the  constraint  surface. 

The  Input  Includes  parameters  for  definition  of  tank  geometry  for  a tank 
with  a circular  cylindrical  middle  section  and  ellipsoidal  domed  ends.  The  tank 
fill  percentage,  liquid  properties,  initial  liquid  location,  and  acceleration 
applied  to  the  tank  aa  a function  of  time  are  alao  input.  Output  Includes  fluid 
center  of  mass  location,  velocity,  and  acceleration.  The  forces  and  moments 
exerted  on  the  tank  by  the  liquid  are  alao  presented. 

Drop  tower  experiments  were  conducted  In  conjunction  with  development  of 
LAMPS,  A tank  partially  filled  with  liquid  was  dropped  from  various  Initial 
orientations.  Small  horizontal  and  vertical  accelerations  were  applied  to  the 
tank  during  the  fall,  and  forces  and  moments  exerted  by  the  liquid  were  measured. 
The  liquid  motion  was  flow  up  one  side  of  the  tank,  around  the  upper  dome,  and 
down  tha  other  side. 

CowxUt lisns  between  LAMPS  and  experimental  results  showed  similar  trends 
of  force  versus  time,  but  the  calculated  forces  were  generally  too  large.  Fig- 
ure 5 shows  force  results  for  10%  and  25%  fills.  FY  Is  horizontal  and  FZ  la 
vert  leal. 

The  analytical  results  were  adjustable  by  the  parameter  x which  controls 
the  dissipative  force  contribution.  The  time  match  la  best  with  X”  0,  and  the 
forcea  are  closer  with  Xnear  0.01.  Improved  correlation  Is  probably  possible 
with  further  study  of  dlsslpaclve  force  behavior  and  with  fluid  canter  of  mass 
trajectory  modification  (bulging  of  the  liquid  surfaca  was  observed  In  soma 
tests  and  this  la  equivalent  to  movement  of  the  point  mass  away  from  tha  con- 
straint surface). 

LAMPS  la  In  FORTRAN  for  the  UNIVAC  1108  computer.  Details  of  the  program 
and  the  supporting  drop  tower  experiments  are  In  [8]. 


Sticky  Rubber  Ball  Analogy 


This  program  was  written  specifically  to  Investigate  the  effects  of  residual 
propellant  on  the  reentry  dynamics  of  the  Space  Shuttle  external  tank.  The  tank 
la  a 75,000  ltn  structure  which  will  contain  from  0 to  80,000  lbm  of  •‘nused  liq- 
uid oxygen  and  hydrogen  when  It  separates  from  the  Shuttle  orblter  sud  reenters. 
The  program  solves  tha  equations  of  motion  for  a sphere  rolling  or  sliding  on  a 
curved  surface.  Propellant  damping  Is  Introduced  by  rolling  and  sliding  fric- 
tion of  the  sphere  on  tha  surfaca.  The  curved  surface  shape  la  related  to  pro- 
pellant oscillation  frequency  and  possible  center  of  mass  locations.  Tha  sphere 
Is  given  a degree  of  freedom  normal  to  the  slosh  surface  controlled  by  a spring, 
damper,  and  deflection  limit,  such  that  movement  of  tha  aphera  toward  the  tank 
canter  greater  than  tha  limit  allows  tha  sphere  to  break  away  from  the  surface. 
Program  results  have  not  bean  checked  by  experiment, 

Tha  program  la  operational  at  NASA/MSFC,  but  no  documentation  la  available 
for  a bibliography.  Tha  language  used  la  FORTRAN  and  the  computer  Is  a 
UNIVAC  1108. 
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Fig.  S Correlation  with  liquid  forcai  during  drop  taat 


LHMAC2  la  a modification  of  an  ax  la  ting  marker  and  call  (MAC)  program.  It  waa 
developed  to  daacrlba  larga  amplitude  motion  (althar  tranalant  or  periodic)  of 
liquid  In  a tank.  Motion  In  two-dimensional  or  axli/imutrlc  tanka  la  analysed. 
Modifications  to  the  original  MAC  program  Include  arbitrary  curved  flow  aur- 
facea,  aurfaca  tension  effects,  and  computation  of  forces  and  momenta. 

Rectangular  mashes  fixed  relative  to  the  tank  are  employed  in  writing  tha 
finite  difference  equations  of  the  formulated  problem.  The  velocity  components 
of  a fluid  are  specified  at  tha  boundaries  of  a call.  The  pressure  and  all 
other  quantities  representing  fluid  are  specified  at  the  center  of  a call.  A 
set  of  marker  particles  la  assigned  for  tracking  tha  flow  field,  and  these  par- 
ticles are  displaced  In  accordance  with  tbs  local  velocities  after  completion 
of  each  computing  cycle. 

A specific  problem  analysed  with  UMAC2  was  the  determination  of  partlclpa 
tlon  In  separation  dynamics  by  residual  propellant.  A change  in  the  number  of 
seperatlon  rockets  used  to  separate  tha  depleted  S-IC  stage  from  the  remainder 
of  the  Saturn  vehicle  wes  accompanied  by  a detailed  Investigation  of  separation 
distance  versus  time.  Deceleration  of  the  dry  S-IC  la  easily  computed,  hut  de- 
celeration of  the  residual  propellant  takas  piece  over  an  extended  period  of 
time,  as  the  residuals  flow  from  one  end  of  the  tank  to  the  other.  Marker  par- 
ticle plots  of  liquid  oxygen  moving  toward  the  forward  dome  of  the  S-IC  oxygen 
tank  are  shown  In  Fig.  6 for  various  tlams  after  separation  and  Ignition  of  the 
separation  retro- rockots.  Also  shown  Is  a plot  of  fores  exerted  by  tha  oxygen 
tending  to  pull  the  tank  bottom  upward. 
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Fig.  6 Djm«mic»  of  residual  prop* II ant 

No  cooparlson  batwaan  experimental  and  computed  forcaa  baa  baan  oada.  Cooparl- 
aona  of  qualitative  raaulta,  auch  aa  flow  pattama  and  **av*  front  ahapaa,  hava 
baan  made  ualng  film*  f row  drop  towar  taata  and  tha  raaulta  appaar  raaaonabla. 

Inatabllltlaa  occurrad  for  low  kinematic  vlacoilty  and  for  altuatlona  whara 
a thin  film  of  liquid  waa  laft  at  a tank  wall.  Comparison  with  taat  raaulta 
would  ba  raqulrad  to  determine  which  inatabllltlaa  ara  raal  phytic*  1 phaaoaana 
and  which  ara  charactarlatlca  of  th*  confuting  a chaw*.  Flow  of  a hypothetical, 
axtreaaly  high  vlscoalty  liquid  from  on*  and  of  lta  curved  wall  container  to  tha 
other.  Including  gayaar  formation  at  tha  latter  tank  and,  waa  auccaaafully  » Inf- 
lated without  Inatabllltlaa. 

Tha  program  la  written  In  FOBTIAN  for  the  VNXVAC  1108  coaqnjter.  Detalla  of 
LHNAC2  and  a Halted  thraa-dlaanalonal  varaion,  LHKAC3,  ara  given  In  [9]  and 
[10]. 


IKFIftENCES 

1 Loaan,  D.  0. , "Digital  Analysis  of  Liquid  Fropallant  Sloahlng  In  Hoblla 

Tank  with  Rotational  Symtttry,"  Technical  Fa  port  GD/A-DDI64-062,  Central  Dynamics/. 
Aatronautlca,  November  1964..  | 

2 Loaan.  D.  0.,  "Analyala  of  Fluid  Sloahlng,"  Report  Humbtr  GDC-DDE66-018 , 
Central  Dynamic* /Convair  Dlvlalon,  June  1964. 

3 Fang,  G.  C. , and  Jon**,  C.  I. , "Dynamic*  of  a Flexible  Bulkhead  and  Con- 

tained Fluid,"  Lockheed  Mlaallea  and  Space  Company,  UISC-HI1C  TK  D306476,  May  1 
1973.  1 

4 Fang,  G.  C. , and  Klefling,  L.  A.,  "Fluid-Structure  Finite-Element  Vib- 
rational Analyala,"  AIAA  12th  Aaroapaca  Science*  Heating,  Paper  Number  74-102,  j 
January  1974. 


I.IQUID  PROPEIUNT 


22) 


l 


5 Benfleld,  W.  A.,  "Hydroelaatlc  Mathematical  Model  of  Space  Shuttle. 
Liquid  Propellant  Tanka,"  Martin  Marietta  Corporation,  MCR-75-178,  June  1975. 

6 Uohlen,  R.  L. , Park,  A.  C.,  and  Warner,  D.  M.,  "Finite  Eleaent  Solu- 
tion of  Low  Bond  Nuaber  Sloshing,"  Martin  Marietta  Corporation,  MCR-75-139, 

April  1975. 

7 Singh,  J.  N. , "Finite  Eleaent  Aaalyala  of  Mercury  Sloah  In  the  Solar 
Electric  Propulalon  Stage,”  Martin  Marietta  Corporation,  MCR-74-464, 

January  1975. 

8 Berry,  Robert  L. , and  Tagart,  Jaaea  R. , "Experimental  Study  of  Tranalent 
Liquid  Motion,"  Martin  Marietta  Corporation,  MCR-75-4,  February  1975. 

9 Fang,  G.  C.,  "Study  on  Propallant  Dynaalca  during  Docking,"  Lockheed 
Miaslles  and  Space  Coapany,  LMSC-HREC  D225157,  Junu  1971. 

10  Feng,  G,  C.,  and  Robartaon,  S.  J.,  "Study  on  Propellant  Dynaalce  during 
Docking,"  Lockheed  Miaallea  and  Spaca  Coapany,  LMSC-HREC  D225632,  March  1972. 


Optimum  Design  of  Dynamic  Mechanical  Systems 


A.  Seircg 

University  of  Wisconsin 


INTRODUCTION 


The  analysis  of  dynaalc  aachanlcal  syataau  has  long  baan  an  lapottant  part  of 
tha  nathaaatlcal,  phyalcal,  and  anglnaarlng  dlsclpllnss.  Tha  aquatlooa  describ- 
ing the  behavior  of  such  aystama  are  usually  coeplex  In  nature  and  tha  Influence 
of  the  different  paraaatara  on  the  ayataa  response  la  not  generaUy  expressible 
In  an  explicit  Banner.  Accordingly,  designers  of  such  aystaaa  usually  rely  on 
intuitive  or  asiplrlcal  guides  for  the  selection  of  the  as  in  paraaatara.  The  eye- 
tea  behavior  la  than  checked,  and  appropriate  modifications  are  Introduced  when- 
ever necessary  to  Insure  tha  feasibility  and  safety  of  tha  design. 

The  development  of  high  speed  computers  and  related  mathematical  sciences 
opened  new  hor Isons  for  the  designers  of  mechanical  systems.  In  aany  cases  coav 
puter-alded  design  la  Halted  to  analytically  evaluating,  comparing,  and  aodif  y- 
lng  different  solutions  which  are  obtained  from  experience  and  Intuitive  concep- 
tion. Recent  trends  In  computer  utilisation  are  moving  toward  completely  auto- 
mating tha  design  process.  The  designer  la  expected  to  develop  tha  procedure  by 
which  an  optimal  system  la  automatically  determined.  Tha  control  over  the  de- 
sign process  Is  axarclsad  by  the  designer  through  the  establishment  of  tha  gov- 
erning criteria.  Many  of  the  judgment  aspects  of  the  design  can  be  quantified 


so  that  they  can  be  handled  by  computers.  Thus  tha  utilisation  of  the  computer 
can  be  extended  beyond  tha  mare  analytical  function  of  predicting  the  behavior 
of  trial  designs.  Procedures  are  devised  to  allow  tha  computer  to  continually 
modify  a trial  design  until  tha  optimum  solution  la  found. 

Tha  interest  in  optimum  design  Is  as  old  as  design  Itself.  "Best"  answers 
to  aany  design  problems  ware  frequently  sought  after  by  exhaustive  trials  and 
tests.  Orderly  and  efficient  optimisation  gained  a significant  boost  with  the 
development  of  differential  calculus,  which  provided  an  alagant  tool  for  the  de- 
termining the  maxima  and  minima  of  different!/  '■la  relationships  without  the  need 
for  successive  trials.  Mathematical  optimisation  procedures  continued  to  devel- 
op. Variational  techniques  progressed  from  the  classical  work  of  Bernoulli  [1], 
Ruler  [2],  Lagrange  (3],  etc.  to  the  more  recent  work  of  Pontryagln  (4).  Tha 
gradient  search  algorithm  was  proposed  by  Cauchy  [3]  In  1B47. 

■scent  advances  la  numerical  methods  gavs  rise  to  numerous  useful  algo- 
rithms. Among  them  are  linear  prograamlng  [(],  dynaalc  programing  [7],  geomet- 
ric programming  (S],  piecewise  linear  programming  [9],  dlract  aaarch  [10],  gra- 
dient projection  [11],  and  many  others.  Applications  of  programsing  and  varia- 
tional techniques  in  dynamic  systems  have  bean  mainly  la  the  area  of  optimal 
control,  and  many  contributions  can  be  found  In  the  literature  and  In  the  numer- 
ous books  on  the  subjects.  ([12]  to  [IS]  for  exaaqtle.) 

By  contrast,  relatively  few  applications  to  tbs  optimum  design  of  dynamic 
mechanical  systems  are  available. 


Rational  design  procedures  require  formulating  the  problem  under  consideration 
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In  aathoaatlcal  tcras  and  developing  tha  logic  and  daclalon  atapa  nacaaaary  to 
facilitate  tha  aaarch  for  optlaua  aolutlona.  It  la  difficult  In  many  caaaa  to 
express  mathematically  a ganaral  aarlt  function  by  vhich  a alngla  optlaua  solu- 
tlon  with  tha  highaat  poaalbla  aarlt  valua  can  be  attained.  Mechanical  ayatema 
In  general  are  poorly  etructured  elnce  tha  aaarch  aay  not  neceaearily  produce 
one  optlaua  aolutlon  but  eevaral  good  aolutlona. 

A dealgn  atratagy  for  auch  ayataaa  can  be  briefly  deacrlbad  In  the  follow- 
ing atepat 

a.  Defining  tha  Independent  paraaatara  of  the  problem. 

b.  Mathematically  defining  tha  conatralnta  which  are  the  llalta  imposed 
on  each  of  tha  eyatem  paraaatara  or  any  particular  combination  of 
thea. 

c.  Stating  tha  functional  conatralnta  which  are  the  physical  laws  govern- 
ing the  behavior  of  tha  ays  tan  under  consideration. 

d.  Developing  a suitable  criterion  for  decision  which  mathematically  ax- 
preaaea  tha  objective  of  tha  designer.  It  la.  therefore,  possible 
that  this  criterion  varies  according  to  the  goal  aat  by  the  Individu- 
al designer  or  hia  Judgment. 

e.  Developing  affective  aaarch  techniques  for  systematic  Investigation 
of  feasible  solutions  for  the  design  with  the  highest  possible  merit 
valua. 

Tha  first  thraa  atapa  deal  with  tha  description  of  tha  design  domain  which 
Includes  all  feasible  solutions.  Tha  boundaries  of  this  domain  are  defined  by 
the  conatralnta.  The  last  two  atapa  define  tha  objective  and  tha  search  strat- 
egy to  attain  this  objective. 

This  can  be  formulated  aa  a classical  problem  in  constrained  maxima  and 
minima  aa  follow* . 

Find  x ■ xQ) 

which  maximises  or  minimises 


o • f<:> 


subject  to  the  constraints! 

Ij<*>  “0  J - 1 ♦ m 

gk(i)  <0  k - OH-1)  + r 

where  xi(l-l,...n)  are  tha  design  variables  and  U la  tha  objective  function. 

The  functions  g*  are  equality  constraints  and  gg  are  Inequality  constraints. 

A necessary  condition  for  tha  existence  of  a design  problem  le 

n > m 

Accordingly,  many  alternative  solutions  are  theoretically  poaalbla  by  as- 
signing arbitrary  values  to  any  (n-m)  of  the  variables  and  solving  the  n equal- 
ity conditions  for  the  remaining  (n-m)  variables.  A aolutlon  is  faselble  if  it 
satisfies  all  inequality  conatralnta.  Tha  design  with  tha  highest  merit  accord- 
ing to  tha  stated  objective  is  the  optimal  solution.  The  ultimate  objective 
may  include  many  factors,  some  of  which  mey  not  be  easily  defined,  and  the  de- 
signer aay  have  to  resort  to  limited  objectives  In  order  to  obtain  a practical 
solution.  It  la  often  desirable  to  transform  the  constrained  minimisation  Into 
an  unconstrained  problem  by  Including  the  constraints  in  the  objective  function. 
Unconstrained  optimisation  problems  are  usually  more  convenient  to  solve. 


PROGRAMS  FOR  OFTIMUATIOM  OF  VIBRATOR!  SYSTEMS 

Several  examples  of  computer  programs  Illustrating  the  expanding  Interest  in  de- 
veloping strategies  for  optimising  the  deelgn  of  vibratory  eystams  are  listed 
in  tha  following.  Since  the  majority  of  the  activities  In  this  field  are 
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relatival?  recent,  the  Hated  programs  illustrate  method*  of  attack  for  specific 
eyettme  and  are,  for  the  aoat  part,  not  completely  developed  In  a fora  suitable 
for  general  application.  A brief  daecriptlon  of  each  prograa  le  given  with  the 
appropriate  reference*  for  detailed  information.  The  llat  le  by  no  a* ana  com- 
plete but  nonethelae*  It  ldentifiee  some  of  the  published  development*  In  thla  field. 
For  example,  several  programs  of  interest  are  described  In  Reference  [19]  but  are 
not  yet  available  for  distribution.  A number  of  papers  describing  programs  of 
interest  are  also  given  la  the  bibliography. 


General  (ptlaisatlon  Program  for  Inequality  Constrained  Problems 

CCKMIN 


Date:  January,  1972 

Capability:  Ganeral  optimisation  program  for  Inequality  constrained  problems; 

tlaeshare  lnter-actlve;  designer  oriented. 

Method:  The  sequence  of  unconstrained  minimisations  technique  with  special 

features  for  finite  differencing  of  derivatives  and  extrapolation  for  ef- 
ficiency. Aitoautlcally  determines  a feasible  design  and  then  optimises. 

Limitations:  20  deaign  variables,  100  Inequality  constraints  of  arbitrary  form. 

Input:  Self  explanatory  lnter-actlve  tlmeshare  mode.  Formulas  for  objective 

function  and  constraints  must  be  supplied.  These  esn  be  In  the  form  of  a 
final  expression  computationally  supported  by  coding  of  any  degree  of  ccm- 
plaxlty. 

Output:  On-line  progress  report*  during  caaqnitatlon  at  user's  option  In  real 

tlsM  and  final  deaign  optimum  including  any  level  of  detail  specified  by 
the  user. 

Language:  FORTRAN 

Hardware : Tlmeshare 

Usage:  The  program  has  been  applied  successfully  by  a number  of  Industrial 

usera.  There  Is  e user's  manual  available. 

Developers:  F.  Clnadr  and  R.  Fax,  Case  Western  Reserve  University,  Cleveland, 

Ohio.  The  prograa  was  developed  privately  by  the  authors. 

Availability:  The  prograa  la  available  for  use  through  the  CHI  Corporation 

1000  Cedar  Avenue,  Cleveland,  Ohio  44106  on  a royalty  charge  basis.  The 
coat  Is  based  on  a percentage  of  computer  time  used. 


A Program  for  the  Analysis  and  Optimal  Design  of  Mechanical  Systems 
ADAMS  (Automatic  Dynamic  Analysis  of  Mechanical  Systems) 

Date:  November,  1973 

Capability:  The  prograa  gives  descriptions  of  aechanicsl  components.  Specifi- 
cally, It  gives  descriptions  of:  llnkages-from  the  masses,  Inertial  moments, 

and  a guess  of  the  Initial  generalised  coordinates;  jolnts-by  their  type 
end  linkage  adjacencies;  springs  and  dashpots-by  their  fores  cosffldents 
and  their  ettachnent  points  rslatlvs  to  the  links;  and  force  end  displace- 
ment Impute.  There  Is  a three-dimensional  design  capability  taking  Into 
account  static  analysis,  large  displacement  (nonlinear)  transient  analysle, 
small  displacement  (linearised)  analysis  around  a static  solution  or  at  any 
solution  point  In  time.  These  analyses  Include  vibrational  analysis,  sudal 
analysis,  modal  sensitivity,  and  modal  optimisation. 

Method:  Tha  algorithms  used  Include  modal  formulation,  a sparse  matrix  coapllar 

for  static  and  transient  analysis  and  a sparse  matrix  Interpreter  for  vibra- 
tional and  modal  analysis,  gear  Implicit  Integration  for  transient  solution, 
and  Muller's  method  for  modal  analysis. 

Usage:  Typical  applications  of  the  program  are  for  suspension  iiystsm  design  of 
automotive,  aircraft,  and  other  transportation  vehicles,  three-dimensional 
dynamic  analysis  of  vehicular  motion,  analysis  of  biomechanical  systems 
(e.  g.,  collision  analysis),  and  high  speed  SMchanlcal  device  design  (e.  g., 


228 


SHOCK  AND  PIRRAIION  COMPUTER  PROGRAMS 


fast  printers,  textile  machines) . 

Language:  FORTRAN  IV,  IBM  360/370  assembly;  major  revision  required  to  run  on 

a non-IBM  machine. 

Storage:  Phase  I-  400,000  bytea.  Phase  II-  330,000  bytes 

Operating  system  requirements:  ADAMS  runs  on  Michigan  Terminal  System  in  batch 

and  Interactive  modes. 

Other  requirements:  Uses  sparse  matrix  programs  available  separately  (see  re- 

port AFOSR-TR-72-1973) . 

Developers:  N.  Orlandes  and  D.  A.  Calahan  Systems,  Eng.  Lab.  Unlv.  of  Michigan, 

Ann  Arbor,  48104.  Available  from  developers. 


General  Nonllnaar  Optimisation  Programs 
POWELL,  PLETCH  and  HOOK 

Capability:  Theae  programs  can  be  used  to  minimise  an  objsctlve  function  of  n 
variables  subject  to  Inequality  and  equality  constraints.  The  number  of 
variables  and  constraints  can  be  specified  by  the  user. 

Method:  These  programs  use  Placco-McCormlck's  penalty  function,  Including  both 
Inequality  and  equality  constraints,  and  Powell's,  Davldon-Fletcher- 
Powell'a,  and  Hook  and  Jeeves'  methods  to  minimise  the  unconstrained  func- 
tion, to  obtain  the  optimal  solution. 

Input:  The  input  requires  defining  the  objective  function  and  constraints  with- 

in the  program  and  Inputting  a starting  point  that  satisfies  the  Inequality 
constraints. 

Output:  The  output  Includes  the  values  of  the  objective  function,  constraints, 
snd  varlabli  . at  each  Iteration. 

language:  FORTRAN  IV 

Hardware:  IBM  36L  with  at  least  128K  bytes  of  core. 

Usage:  The  programs  have  received  a limited  amount  of  In  house  usage.  Ho  uears 
manuals  are  available. 

Developer:  K.  D.  Wlllmtrt,  Clarkson  College,  Potsdam,  M.  Y.  13676,  unaponsored. 

Availability:  Available  for  the  coat  of  reproduction  from  the  developer. 

Other  Comments:  Type  of  Program:  Theae  are  three  general  nonllnaar  optimisa- 
tion programs  using  an  Interior  penalty  function  and  Powells',  Dsvldon- 
Flatchar-Powell ' a , and  Hook  and  Jeeves  methods  to  minimise  the  resulting 
unconstrained  function. 


A Computer  Augmented  Design  Engineering  Technique 
IOWA  CADET 


Date:  Developed,  1968;  has  been  continuously  refined  and  augmented. 

Capability:  A battery  of  more  than  150  subprograms  that  perform  mechanical 
analysis,  mathamatlcal  and  statistical  tasks  upon  which  can  be  superposed 
optimisation  stratagems  such  that  optimal  design  configuration  nay  be  de- 
termined. Many  of  the  subprograms  Implement  procedures  such  as  are  found 
In  Mechanical  Enilaasrlns  Design.  J.  Shlgley,  McCraw  Hill,  second  edition. 

The  documentation  scheme  Is  designed  to  encourage  multiple  contribution  to 
ae*.  package  In  order  that  the  capability  grow  In  precisely  the  direction 
which  Improves  Its  usefulness.  The  error  messaging  procedure  la  struc- 
tured to  discover  logic  errors  In  user's  exacutlve  programming  In  order  to 
facilitate  use. 

Input/output:  Subprograms  are  called,  and  contain  argument  lists  described  In 
the  documentation.  Some  subprograms  are  really  an  aggregate  which  appear 
to  tha  user  to  be  a single  subprogram.  The  explicit  form  of  the  Input 
and  the  output  Is  under  the  user's  control  for  greater  flexibility.  Con- 
vergence monitors  and  useful  tabulations  may  be  suppressed  at  the  user's  optl 
language:  FORTRAN  IV 
Hardware:  IBM  360 

Developer:  Charles  R.  Mlachke,  Alcoa  Foundation  Professor  of  Mechanical 
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Engineering,  leva  State  University,  Anas,  Iowa,  50010. 

Availability!  Individual  subprogram  can  ba  obtained  for  approximately  $50  par 
program,  Including  FORTRAN  deck,  teat  deck,  listing  of  test  run  and  docu- 
mentation. large  subprograms  are  proportionately  more  expensive. 


Optimum  Da  sign  of  Special  Purpose  Dynamic  Absorber 


Date!  1968 

Capability!  Many  applications  require  the  design  of  an  absorber  to  perform  op- 
timally at  a particular  excitation  frequency  or  within  a narrow  band  of 
excitation  frequencies.  A program  la  developed  for  tha  selection  of  the 
optimal  absorber  spring  and  damper  for  any  given  operating  frequencies 
and  constraints  on  the  amplitude  of  vibration  of  tha  absorber. 

Language!  FORTRAN 

Developers!  B.  Hamad  and  A.  Salreg 

Availability!  Program  listing  la  available  from  A.  Salreg,  Mech.  Eng.  Dapt., 
Unlv.  of  Wisconsin,  Madison,  Wisconsin. 


Optimum  Design  of  a Three-Rotor  Torsional  System 
Subjected  to  an  Impulse 


Date!  1966 

Capability!  Tha  objective  of  this  program  la  to  design  tha  shafting  connecting 
a prime  mover  (with  moment  of  Inertia  Ii)  to  a machine  (with  moment  of  In- 
ertia Ii)  through  a coupling  (with  moment  of  Inertia  It).  Tha  machine  In 
this  case  la  subjected  to  an  lapulaa  causing  a sudden  change  In  velocity 
Ato.  It  la  required  to  select  tha  diameter  of  tha  two  connecting  shafts  ao 
tMt  tha  total  shaft  volume  la  minimum.  Tha  allowable  toralcmal  stresses 
for  tha  shafts  are  given  as  Si  and  S2  pal  respectively,  Inartlaa  nay  ba 
added  to  the  coupling  (within  a maximum  value  of  It  (..»))  If  a reduction 
In  shaft  alas  can  ba  expected. 

Impute!  Ii,  I|,  I lain  • It  max'  ^a.  Si,  St,  Ail 

Outputs:  di,  da,  It 

language : FORTRAN 

Devalopera:  B.  Hamad  and  A,  Salreg 

Availability!  Program  listing  la  available  from  A.  Salreg,  Dept,  of  Mech.  Big. 
Unlv.  of  Wise.,  Madison  at  reproduction  coat. 


Optimum  Design  of  a Three-Rotor  Torsional  System 
Subjected  to  Step  Load  on  One  Rotor 


Date!  1966 

Capability!  Tha  objective  of  this  program  la  to  design  tha  shafting  connecting 
a prime  mover  (with  moment  of  Inertia  Ii)  to  a machine  (with  moment  of  In- 
ertia It)  through  a coupling  (with  moment  of  Inertia  It).  The  machine  In 
thla  caae  la  subjected  to  a step  load  T acting  on  It.  It  la  required  to 
select  the  diameter  of  the  two  connecting  ahafta  ao  that  tha  total  ahaft 
volume  la  minimum.  The  allowable  torsional  etressea  for  the  shafts  are 
given  as  Si  and  8a  pal  respectively.  Inertias  may  ba  added  to  tha  coupling 
(within  a maximum  value  of  It(aax))  1*  ■ reduction  In  shaft  alee  can  be  ex- 
pected. 

Inputs:  Ii,  It,  I lain  t I.’aax 1 L|,  Si,  St,  T 

Outputs!  di,  da,  It 

language 1 FORTRAN 

Developers!  B.  Hamad  and  A.  Salreg 

Availability!  Program  listing  la  available  from  A.  Salreg,  Dapt.  of  Mach.  Bigr., 
Unlv.  of  Wls.,  Madison  at  reproduction  coat. 
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Optima  Daalgn  of  a Thraa-Rotor  Syataa  Subjactad 
to  A Slnuaoldal  Input  on  Ckia  of  tha  Rotor* 


Data)  1966 

Capability!  Tha  objactlva  of  thla  program  la  to  daalgn  tha  chatting  connacting 
a prlaa  aovar  (with  aoaant  of  lnartla  Ii)  to  a aachlna  (with  noaant  of  ln- 
artla  Ii)  through  a coupling  (with  aoaant  of  lnartla  Ii).  Tha  aachlna  In 
thla  caaa  la  aubjactad  to  an  lapulaa  caualng  a auddan  changa  In  velocity 
Au.  It  la  raquirad  to  aalact  tha  diameter  of  tha  two  connacting  ahafta  ao 
that  tha  total  ahaft  voluaa  la  alnlaal.  Tha  allowabla  toralonal  atraaaaa 
for  tha  ahafta  ara  glvan  aa  Si  and  S*  pal  raapactlvaly.  lnartla*  may  ba 
addad  to  tha  coupling  (within  a maximum  valua  of  It  (max))  If  a raductlon  In 
ahaft  alta  can  ba  expected. 

Input*!  I>,  I»,  Iaaini  I*aax»  l».  Li,  si>  Si,  T and  u» 

Output*  i di , dj,  Ii 

Languaga I FORTRAN 

Davaloparai  B.  Haaad  and  A,  Salrag 

Availability!  Frograa  llat lag  la  avallabla  froa  A.  Salrag,  Dapt.  of  Mach.  Bog., 
Unlv.  of  Hla.,  Mad  la  on  a.'  raproductlon  coat. 


Optlaua  Daalgn  of  a Threa-Rotor  Syataa  with  Raylalgh 
Damping  Subjactad  to  Slnuaoldal  Excitation  on 
On*  of  tha  Rotor* 


Data ! 1966 

Capability!  Tha  objactlva  of  thla  prograa  la  to  daalgn  tha  ahaftlng  connacting 
a prlaa  aovar  (with  aoaant  of  lnartla  Ii)  to  a aachlna  (with  aoaant  of  ln- 
artla Ii)  through  a coupling  (with  aoaant  of  lnartla  I|).  Tha  aachlna  In 
thla  caaa  la  aubjactad  to  a alnuaoldal  axe  it*  t ion  T alnut.  It  la  raquirad 
to  aalact  tha  dlaaatar  of  tha  two  connacting  ahafta  ao  that  tha  total  ahaft 
voluaa  la  minimum.  Tha  allowabla  toraloral  atraaaaa  for  tha  ahafta  ara 
glvan  aa  Si  and  Si  pal  raapactlvaly.  Inarutaa  aay  ba  addad  to  tha  coupling 
(within  a aaxlaua  valua  of  I»  (-..))  If  a raductlon  In  ahaft  ala*  can  ba  ax- 
pa  c tad.  For  convanlanca,  tha  damping  la  aaauaad  to  ba  of  the  Rayleigh  type 


/Si . £a  . £i  . g. 

'll  I,  Ii  1 


£u. . £u 

Kit  Kti 


Ri) 


Input*!  Ii,  Ii,  IiBin,  Ii...,  L| , L|a  Si,  S|,  *T,  and  b),  R|,  Rj 

Output*:  di,  di,  Ij 

language!  FORTRAN 

Developer*  i B.  Haaad  and  A.  Salrag 

Availability!  Prograa  llatlng  la  available  froa  A.  Salrag,  Dept,  of  Mach.  Eng., 
Unlv.  of  Wla.,  Madlaon  at  raproductlon  coat. 


4)tlaua  Daalgn  of  a Two-Mat*  lateral  Vibration  Syataa 


Data!  1968 

Capability!  Tha  program  dual*  with  tha  daalgn  of  a two  aaaa  flexible  rotor  aup- 
portad  on  two  baarlnga  which  uadargoaa  lateral  vibration*  bacauaa  of  tha 
aecantrlclty  of  on*  of  tha  aaaaaa.  The  daalgn  objactlva  la  to  aalact  tha 
ahaft  dlaaatar*  which  alnlalaa  tha  weight  of  tha  ahaft  for  a glvan  allow- 
abla atreaa. 

Language!  FORTRAN 

Developer i B.  Haaad  and  A.  Salrag 

Availability i Prograa  llatlng  la  avallabla  froa  A.  Salrag,  Dapt.  of  Mach.  lag. , 
Oalv.  of  Via.,  Madlaon. 
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Computer  Prograaa  for  Automated  Minimum  Weight  Structural  Design 

Capability)  Iha  objactlva  of  tha  computer  prograaa  la  tha  automatic  dataralna- 
tlon  of  tha  lcaat  weight  of  a given  atructural  configuration  under  tha  ac- 
tion of  a aultlpliclty  of  external  loading  conf iguratlona  under  tha  action 
of  a Multiplicity  of  extarnal  loading  and  tha  real  condltlona,  and  aubjected 
to  limitations  on  tha  atraaaaa  and  deflectlona  of  tha  atructure.  The  pos- 
albillty  of  coaalderlng  overall  lnatablllty  aa  a criterion  la  alao  provided 
for  one  claaa  of  atructuraa.  Tha  range  of  atructuraa  which  may  be  optl- 
elxad  uaing  theae  prograaa  la  only  limited  by  tha  extant  to  which  a given 
atructure  aay  be  aatlafactorlly  Idealized  uaing  tha  atructural  elements 
available  t axial  force  member,  triangular  plate  in -plane  atraaa,  axial 
force-twlet-flexural  member,  axial  force  twlat-flaxural  aaabar  with  ln- 
atablllty,  rectangular  ahaar  panel,  rectangular  plata  In  banding  In  two 
dlaenelona,  axial  forca-twiat  flexural  eaabar  In  two  dlaenalona. 

AFFDL-TR-6 6-180  docuaanta  tha  development  of  now  ccmputar  prograaa  for 
the  automated  alnlaua  weight  daelgn  of  aaroapaca  atructuraa.  Two  prograaa 
are  dlacueaad  In  detail,  an  lntarmadiate  capacity  linear  earlt  function 
prograa  and  a large  scale  nonlinear  program.  Tha  Intermediate  capacity 
program  can  be  uaad  for  tha  optimization  of  major  atructural  comp  one  nte 
of  up  to  approximately  170  dagraaa  of  freedom  with  flxad  configuration. 

The  large  acala  prograa  la  capable  of  Itandllng  atructuraa  with  up  to  450 
dagraaa  of  freedom  and  lncludaa  geometric  varlablee.  Detailed  descriptions 
on  the  preparation  of  Input  data  are  Included.  Examples  are  given  of  the 
applications  of  tha  programs  to  a wide  variety  of  structures  Including  ma- 
jor alrfraaa  components,  Indicating  tha  weight  savings  possible  through  ap- 
plication of  tha  optimisation  techniques. 

language)  FORTRAN  IV 

availability  l FD1/-TDR-64-141  (AD  611  310)  AFFDL-TR-66-180  (AD  804  602),  Wright - 
Patteraon  AFB,  Ohio. 

Design  of  Prismatic  Bar  with  Variable 
Cross  Section  for  Force  tapllficatlon 
or  Attenuation  In  Longitudinal  Impact 

Capability:  Tha  prograa  automatically  selects  tha  configuration  of  stepped 

prismatic  bars  placed  between  a haamar  and  an  anvil  to  produce  maximum 
force  amplification  or  attenuation.  Tha  program  Incorporates  a relatively 
inexpensive  computer  scheme  and  a special  search  procedure  to  develop  the 
optimum  design  of  such  bars.  Tha  program  Includes  provisions  for  changing 
segment  lstpadanca  through  material  aelectloo. 

language ) FORTRAN 

Developer)  D.  Wallace  and  A.  Selreg 

Availability ) From  A.  Selreg,  Dept,  of  Mach.  Sag.,  Oniv.  of  Wls.,  Madison  at 
reproduction  cost. 


Structural  Optimisation  for  Aaroelaatlc  Requirements 
SOAR 


Date ) 1972 

Capability  t This  program  will  automatically  sise  structural  mambsrs  of  a finite 
element  generated  lifting  surface  design  to  achieve  minimum  weight  without 
violation  of  m flxad  flutter  speed  constraint.  Zouteniljk's  method  of 
feasible  directions  Is  utilised  to  determine  resiling  steps.  Since  this 
method  requires  gradient  Information,  a method  due  to  Van  da  Vooren  was 
implemented  to  perform  this  calculation. 

Limitations)  Can  be  used  In  preliminary  design. 

Language)  FORTRAN 
Hardware i CDC  6600 
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Developer:  L.  B.  Gwin  and  S.  C.  McIntosh,  Jr.,  Stanford  University 

Availability:  R.  F.  Taylor,  Cspt.  S.  M.  Batlll,  and  R.  A.  Andrlea,  Air  Force 

Flight  Dynamics  Laboratory  (FYS),  Wrlght-Patteraon  AFB,  Dayton,  Ohio,  45433 


WIDOWAC  - Wing  Design  Optimization  with  Aeroelastlc  Constraints 
Date:  1974 

Capability:  A pilot  computer  program  developed  for  the  design  of  mlnimln  mass 

structures  under  flutter,  strength,  and  minimum  gauge  constraints.  The 
wing  structure  Is  Idealized  by  finite  elements,  flutter  conditions  may  be 
both  subsonic  and  supersonic  end  mathematical  programming  methods  are  used 
for  the  optimization. 

Limitations:  Symetrlc  wing  airfoils,  small  (n.300  degrees  of  freedom)  finite 

element  models. 

Language : FORTRAN 

Hardware:  CDC  6600,  IBM  370/168 

Developer:  R.  T.  Haftka 

Documentation:  NASA  TM  X - 3071  (184  pages) 

Availability:  Dr.  J.  H.  Starnes,  Jr.,  NASA  Langley  Research  Center,  Hampton, 

Virginia,  23665. 


Optimisation  of  Structures  with  Constraints  on  Dynamic 
and  Frequency  Characteristics 

Capability:  The  program  deals  with  minimum  weight  elastic  structure  designs  un- 

der dynamic  loads  with  certain  constraints  Imposed  on  stress,  displacement 
and  natural  oscillation  frequencies.  A random  search  la  used.  The  proca-  f 
dura  la  applied  to  the  synthesis  of  a perimeter-hinged , three-layer  plate. 

Developer:  Yu.  M.  Pochtman 

Availability:  NASA-TT-F-14540  (Sept  1972). 
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Mechanical  and  Thermal  Shock  Analysis 


Philip  Underwood 

Lockheed  Palo  Alio  Research  Laboratory 


INTRODUCTION 

Thle  chapter  deal*  with  the  nut*  and  bolta  of  aechanlcal  and  tharaml  ahock  anal- 
yst* prograaa;  the  luaped  parameter  programs  and  ahock  spectra  program*.  That* 
analysts  techniques  war*  aaploysd  by  vibrations  anglnaars  many  yaara  bafora 
tha  coaputar  had  any  lapse t on  vibration  response  analysis  and  they  still  fora 
the  basic  design  analysis  tool*  for  ahock  anvlronaMnta.  For  this  reason,  aany 
of  tha  concepts  discussed  era  wall  founded  and  available  In  standard  engineer- 
ing texts,  hence  tha  discussion  sections  ara  quits  brief  and  contain  only  an 
overview  of  tha  theory.  Of  courts  the  aore  modern  devalopaants  In  tlaa  Inte- 
grators for  nonlinear  aystaas  ara  presented,  as  that*  new  methods  are  finding 
thalr  way  Into  tha  wall  maintained  coaputar  programs.  The  sections  on  coaput- 
ar prograas  Include  only  thoaa  prograas  that  ara  readily  available  for  a nomi- 
nal coat  (lass  than  $300  with  a coupla  of  exceptions).  Hopefully,  currently 
used  prograas  ara  Included  and  there  ara  not  too  aany  old  and  out  of  data  pro- 
graaa. In  general,  these  prograaa  ara  small  or  aodarate  alzed  and  provide  ef- 
ficient computation*  for  good  quick  design  studies. 


LUMPED  PARAMETER  STRUCTURAL  DYNAMIC  ANALYSIS 

Luaped  parameter  (or  Iwped  aaae)  structural  dynamic  coaputar  prograaa  are 
used  by  dynamic  analysis  engineers  who  view  the  world  as  composed  of  aassea 
connected  by  velghtlssa  springs  and  daapers.  Tha  structure's  aass  Is  divided 
Into  discrete  lumps,  each  of  which  Is  coupled  to  others  by  the  springs  and 
daapera  to  produce  a dynaalc  model  of  tha  structurs.  The  resulting  aquations 
of  motion  can  be  written  as 


[M]  <X>  + [Cl  (i)  + (EJ  (X)  - (F(t)l 

where  X Is  the  system  displacement,  dots  rspresent  tiae  derivatives)  M,  C,  K 
are  tha  aass,  damping,  and  stiffness  matrices,  respectively,  and  F(t)  le  the 
transient  forcing  function.  The  derivation  of  this  equation  is  Included  In 
any  vibration  reference  book  that  covers  multi-degree  of  freedoa  structural 
or  mechanical  systaaa,  [1,  2,  3],  for  exaapl*. 

The  main  usee  for  thess  luaped  parameter  prograaa  are  for  the  transient 
or  steady  state  solution  of  structures  that  can  be  modeled  by  simple  torsion, 
bending  or  stretching  elaaents.  This  encompasses  a large  range  of  stiuctures, 
and  the  complexity  of  the  model  Is  only  Halted  by  tha  engineer's  ability. 

One  advantage  of  these  prograas  Is  that  nonproportional  daaplng  Is  quits  easy 
to  Include.  Many  of  the  prograsM  also  Include  nonlinear  stiffness  elements. 
The  prograas  may  require  a fair  amount  of  thought  and  tlaa  to  prepare  the  In- 
put, at  a very  general  nodal  of  a structure  aay  Involve  some  very  complex  coup- 
ling of  tha  aass  alaaents.  Some  of  the  prograaa  do  provide  element  libraries 
for  betas,  shells,  end  solids  that  ease  the  modeling  considerably. 
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The  art  or  eclence  of  properly  nodellng  a etructure  or  nechenlcal  aysten 
for  a lumped  parameter  dynamic  analyela  la  uaually  learned  by  trial  and  error, 
but  there  are  aome  baalc  guideline*  that  may  get  ona  atartad  along  the  correct 
path.  For  modeling  a continuum  atructura  (beam,  ahall)  tha  maea  and  atlffnaaa 
eltment*  ahould  generally  be  uniform  to  properly  charactarlaa  wave  propagation 
In  the  atructura.  Tha  flnanaaa  or  coaraenaaa  of  tha  dlacratlaatlon  la  of 
courae  a function  of  tha  fraquanclaa  ona  wishes  to  raproduca.  A good  example 
of  dlacrete  modeling  technlquea  for  an  array  of  linear  oaclllatora  la  given 
by  Horae  and  Ingard  [4],  For  mechanical  ayatama  (packaging,  machinery)  tha 
main  Idea  la  to  try  to  build  tha  model  of  componenta  of  relatively  almllar 
frequenclea.  This  la  not  always  poaalble,  and  reality  ahould  always  ba  con- 
sidered before  aome  fancy  modeling  la  tried,  aa  you  don't  want  to  eliminate  a 
poaalble  algnlf leant  reaponaa  from  your  modal.  But  If  the  audal  la  coatpoaed 
moatly  of  low  frequency  eleunta  with  one  or  two  high  frequency  elemente,  many 
of  che  prograaia  will  become  expenalva  to  run,  aa  the  time  Integrator  will  take 
small  atepa  to  reproduce  tha  high  frequency  reaponaa.  If  all  tha  forcing 
functlona  are  applied  to  tha  low  frequency  portion  of  tha  ayatem,  the  high 
frequency  modeling  la  not  necaaaary;  it  ahould  ba  treated  aa  rigid. 

The  lumped  parameter  atructural  dynamic  computer  program  la  the  baalc 
design  analysis  tool  of  tha  structural  dynamic  engineer.  During  daalgn  tha 
engineer  can  check  auapactad  critical  areas  on  a vary  quick  computer  run.  Tha 
spring  or  damper  element*  era  easily  changed  for  parametric  studies.  Indeed, 
for  many  structures  and  moat  machanlcal  systems  tha  lumped  parameter  transient 
reaponaa  computer  program  la  all  tha  analyst  naada  for  a complete  dynamic 
design  analysis.  If  not,  they  will  uaually  provide  an  Indication  of  critical 
areas  that  can  ba  studied  in  more  detail  with  special  purpose  programs. 


FORCING  FUNCTIONS 

The  kind  of  a forcing  function  that  la  called  a shock  la  not  explicitly  defined 
but  In  genaral , any  forcing  function  that  produces  a transient  raaponse  that 
la  significant  In  magnitude  compared  with  tha  steady  state  reaponaa  can  ba 
called  a shock  loading.  For  structural  dynamic  analysis  thaaa  shock  loadings 
are  characterized  by  sudden  changes  In  surface,  dlsplaceaaant,  or  thermal  loads. 

Tha  first  two  loade  ara  easily  described;  for  example,  surface  loads  may 
be  due  to  a blast  wave  or  a sonic  boom  disturbance;  displacement  loade  may  be 
due  to  bumps  In  a road  or  earthquakes.  All  lumped  parameter  programs  can 
easily  handle  these  mechanical  loads.  Thermal  loads  ara  also  easily  described 
aa  they  are  due  to  sudden  changes  In  temperature  that  force  a structure  to 
find  a new  equilibrium  position;  but  Implementation  of  thermal  loads  Is  eeldom 
Included  In  the  coatputer  programs.  Dynamic  thermal  loads  are  becoming  more 
Important  In  aerospace  and  nuclear  power  applications,  so  more  programs  should 
have  provisions  for  thermal  loads  In  the  future.  At  present  there  are  only  a 
few  shell  and  general  structures  programs  that  have  thermal  forcing  function 
capabilities.  There  Is  also  a msthed  for  using  tha  lumped  parameter  programs 
for  transient  thermal  analysis  by  computing  the  thermal  loads  and  using  them 
as  applied  forces.  This  technique  la  described  below. 

Figure  1 Illustrates  a typical  section  of  a simple  lumped  parameter  nodal 


Fig.  1 Typical  lumped  parameter  model 
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with  translational  and  rotational  degrees  of  freedom.  Tha  tranalatlonal  forca 
dua  to  a thermal  tranaiant  can  ba  axprasaad  aa 


K.(t)  - Kta(ro  - T(t))t 

where  a la  tha  thermal  expansion  coafflclant,  T0  tha  rafaranca  temperature, 
T(t)  tha  tasparatura  at  time  t and  l la  tha  length  of  tha  discretized  element 
of  tha  atructura,  Similarly,  an  appllad  moment  can  ba  calculatad  as 

M(t)  ' *b  F /JTo  ' *<*>)*  dl 

whara  h la  tha  thickneas  and  t tha  thlcknaaa  coordlnata.  This  la  admittedly 
a crude  tachnlque  and  a briaf  diacusalon,  but  you  can  aake  aoaa  surprisingly 
accurata  sat last Iona  of  thermal  rasponsa  using  this  tachnlqua.  Remember  the 
actual  forcaa  in  the  aprlnga  become  tha  forcaa  dua  to  kinematics  of  tha  struc- 
ture (computed  by  tha  program)  plus  tha  thermal  forcaa  which  muet  ba  auper- 
lmpoaed  on  tha  forcaa  dua  to  kinematics.  As  an  Illustration  of  the  reality 
of  tharaal  load  as  appllad  to  structural  dynamics.  Fig.  2 illuatratas  tha  com- 
puted and  ateaaured  tip  deflection  for  a cantilever  beam  aubjactad  to  a sudden 
Increase  In  tasparatura  along  its  length,  and  varying  exponentially  through 
tha  thlcknaaa  (5] . 


Fig.  2 Tip  reaponaa  of  a auddanly  haatad  cantilever  beam 
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SHOCK  SPECTRA 

The  concept  of  a ahock  apactrua  la  a vldaly  uaad  design  and  taat  analytical 
tool  for  tha  tnglnaar.  Tha  flrat  uaar  of  tha  ahock  apactrua  concapt  appaara 
to  hava  bean  Blot  (6] , who  fait  tha  affact  of  tha  input  tranaient  force  waa 
a aora  laportant  englnaarlng  criteria  than  tha  actual  ahapa  of  the  Input  force 
ltaelf.  Tha  ahock  apactrua  of  a given  forcing  function  la  a plot  of  aoae  ra- 
aponaa  quantity,  displacement , velocity,  and/or  acceleration,  that  repreaenta 
the  effect  of  tha  forcing  function  on  a alngla  degree  of  freedom  undamped  oa- 
cillator  varaua  tha  dlaanalonal  or  nondlaenalonal  frequency  or  period  of  the 
oaclllator.  Whan  tha  Input  force  hae  a definable  tine  charactarletlc,  the 
nondlaenalonal  fora  la  ueually  uaad.  The  ahock  epectruai  la  broken  Into  two 
reglona,  prlaary  and  raaldual  reaponae.  Tha  prlaary  reaponae  applies  to  tha 
raaponae  quantity  obtained  while  the  forcing  function  la  acting,  and  the 
raaldual  reaponae  la  tha  raaponae  quantity  obtained  after  tha  forcing  function 
haa  ceaaad,  the  "ringing"  portion  of  tha  raaponae.  A third  raaponae  often 
plotted  la  tha  maxlmax  raaponae  which  la  tha  envelope  of  tha  maximum  of  tha 
primary  and  raaldual  raaponae.  Two  reference  booka  [7,  8]  that  provide  many 
aora  datalla  of  ahock  apactrua  will  provide  the  Interested  reader  with  aura 
insight  than  poaelbla  In  thla  brief  dlacueslon;  reference  [7]  haa  many  good 
additional  rafarancea  pertaining  to  applications.  References  [7]  and  [8]  also 
consider  ahock  apactrua  for  daaped  oscillator*  and  nonlinear  aprlnga.  In  ad- 
dition, Hlaber  at  al.  (9]  provide  a currant  review  of  ahock  response  spectrum. 

The  two  uaea  of  ahock  spectrim  are  in  design  and  test  applications.  In 
design,  tha  ahock  raspons*  spectrum  provides  a quick  aathod  of  determining 
the  maximum  dynamic  loads  In  a structure.  In  testing  applications,  one  can 
test  equipment  vlth  easily  produced  pulsaa  by  using  an  equivalent  shock  re- 
aponae spectrum  produced  by  an  actual  Input  transient  and/or  determine  the 
ahock  spectrum  for  various  critical  component*  by  recording  base  acceleration*. 

Computer  programs  to  determine  the  ahock  response  spectrum  of  a given 
Input  tranaient  basically  uae  two  different  methods.  One  la  direct  numerical 
Integration  (saa  the  section  on  time  lntegratora)  of  the  raaponae  of  an  array 
of  discrete  frequency  oscillators  to  tha  forcing  function.  Techniques  used 
In  writing  efficient  ahock  spectrum  programs  can  be  found  In  rafarancea  [10,  11 
12] . Tha  second  method  used  for  generating  ahock  spectrum  la  the  fast  Fourlar 
transform  (FFT)  [13,  14].  The  FFT  can  also  be  used  to  synthesis*  the  raaponae 
spectrum  to  reproduce  the  Input  transient,  ao  one  can  work  back  and  forth  In 
tha  frequency  and  time  domain  If  daalrad.  And  although  they  are  not  digital 
computer  programs  (a  deck  of  cards),  digital  and  analog  coaqmter  hardware 
can  be  obtained  to  provide  ahock  response  spectrum  of  tast  data;  see  any  Issue 
of  Sound  and  Vibration. 


TINE  INTEGRATORS 

In  general,  transient  response  of  structures  relies  on  tha  direct  numerical 
tlma-vlse  Integration  of  the  equations  of  motion.  In  lumped  parameter  and 
shock  spectra  models,  characteristic  frequencies  can  encompass  a large  rang* 
and  elements  can  be  nonlinear,  requiring  a sophisticated  and  economical 
Integration  technique.  Some  of  tb*  most  Intensive  Investigation  Into  the 
cheractarlatlcs  of  time  Integration  schemes  Is  currently  In  progress  nalnly 
due  to  tha  surging  Interest  In  nonlinear  structural  raspona*  and  the  unpredict- 
able behavior  of  linear  system  methods  when  applied  to  nonlinear  systems.  A 
brief  review  of  the  more  popular  methods  and  the  current  research  follows; 
hopefully  this  will  enable  a user  to  wisely  select  a computer  program  to  match 
his  requirements. 

Basically,  all  the  time-integration  techniques  fall  into  the  category  of 
linear  multlstep  methods  that  have  the  following  form 
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Jo  “lXn+l-l  “ At  ilo  BiXn+l-i  (1) 

or 

lJo  YiXn+l-i  ■ 4t*  iJo  4iXn+l-l  <2) 


where  aj,  8.,  and  4j  ara  coafflclanta  aaaoclatad  with  a particular  method. 

If  B0  i 0,  s0  i 0 tha  aathod  la  Implicit,  l.a.  tha  valua  to  bo  coaputad  (laft 
hand  aide)  alao  appaara  Implicitly  on  tha  right  hand  alda  of  tha  aquation. 
Otharvlaa  tha  aathod  la  axpllclt.  Equation  (1)  rapraaanta  tha  atlffly  atabla 
aathoda  of  tlaa  Integration,  aaa  Gear  [IS],  Janaan  [16],  and  Park  [17].  Equa- 
tion (2)  rapraaanta  tha  claaalcal  multistep  aathoda,  aaa  Hewaark  [18],  Houbolt 
[12] , and  Wllaon  [20] . 

Whether  to  uaa  an  explicit  or  lapllclt  aathod  la  a difficult  quaatlon, 
but  there  ara  eoae  guldellnea  aa  long  aa  they  are  not  takan  too  eerloualy. 

Tha  axpllclt  aathoda  ara  aaaler  to  lapleaent  and  uaually  require  laaa  atoraga. 
Tha  blggaat  aavlng  In  laplaaentatlon  la  that  no  aatrlx  lnvaralon  or  decomposl- 
tlon  la  required  for  an  axpllclt  technique.  Hence  you  can  dlacretlae  your 
atructura  anyway  you  wish  and  not  worry  about  band  width  and  connectivity  of 
tha  etlffneaa  aatrlx.  Tha  aajor  dlaadvantaga  la  that  tha  tlaa  atep  for  atabla 
coaputatlona  la  lnvereely  proportional  to  the  hlghaat  frequency  of  tha  ayatea 
and  thla  can  raault  In  a vary  aaall  tlaa  step.  This  aay  be  uneconomical  for 
cases  in  which  tha  raaponsa  aode  of  Interest  la  of  a auch  lower  frequency. 

For  thla  raaaon  tha  lapllclt  procedures  ara  aany  tiaaa  favorad,  l.a.  thay  can 
be  constructed  to  attenuate  high  frequencies  while  retaining  low  frequency 
accuracy  and  ualng  a larger  tlaa  step.  These  aathoda  require  aatrlx  decoaposl- 
tlon  and  tha  solution  of  a ayataa  of  coupled  aquations  at  every  tlaa  step, 
hence  tha  number  of  coaputatlona  par  tlaa  step  can  bacoaa  quite  large.  If  one 
needa  the  high  frequency  raaponsa  to  be  well  defined  an  axpllclt  aathod  la 
probably  batter,  but  If  one  needs  the  lower  frequency  raaponsa  with  all  the 
high  frequency  raaponsa  tha  lapllclt  methods  are  better. 

For  linear  ayateas  tha  central  difference  operator  [21]  la  the  moat  pop- 
ular explicit  method  and  tha  trapeaoldal  aathod  la  probably  tha  aoat  accurate 
and  bast  of  tha  lapllclt  aathoda.  For  nonlinear  ayateas  the  Issues  bacoaa 
bobs  what  clouded.  The  central  difference  aathod  la  still  the  aoat  popular 
explicit  aathod,  but  tha  controversy  over  the  bast  or  even  a good  Implicit 
aathod  la  still  raging.  The  aajorlty  of  tha  reaaarch  on  tlaa  Integration 
aathoda  for  nonlinear  structural  raaponsa  has  bean  dona  by  tha  numerical  ex- 
peri  aent  aathod,  [22,  23,  24,  25].  These  studies  have  not  produced  unanimous 
results;  but  the  Houbolt  aathod  seems  to  ba  highly  favorad.  latently,  Park 
[17,  26,  27]  has  done  some  very  fundamental  research  on  tha  characteristics 
of  tlaa  Integrators  aa  applied  to  nonlinear  structural  response.  This  work 
has  resulted  In  a new  stiffly  stable  tlaa  Integrator  [17]  that  shows  auch  pro- 
alsa,  and  probably  even  aore  Important,  a aathod  for  evaluating  the  Integrators 
for  nonlinear  response  has  bean  developed.  Thla  work  [26,  27]  has  deawnstratad 
tha  importance  of  historical  derivatives  that  has  heretofore  bean  neglected  by 
previous  studies. 

Though  thla  section  has  bean  sketchy,  hopefully  the  flavor  of  selecting 
a tlaa  Integrator  has  been  presented.  For  aore  detailed  Information  tha 
chapter  In  this  book  by  I.  Stein  should  be  consulted  plus  the  aore  recent 
review  typa  papers  [22,  23,  24,  23,  27] . Also  Dehlqulat  and  BjHrck  [28]  and 
Gear  [IS]  provide  a goodly  amount  of  background  material. 


LUMPED  PAIAMETE1  COMPUTE  . PNDGIAM8 

The  list  of  lumped  paraaater  coaputar  prograaa  In  Table  1 la  by  no  means  com- 
plete; thay  represent  prograaa  that  ere  available  and/or  unusual.  It  is  un- 
fortunate that  aoaa  very  good  luaped  paraaater  codes  ara  not  generally  avail- 
able, uaually  for  proprietary  reaeons  or  the  programs  ara  too  Inhouse  oriented 
for  general  usage.  Most  of  the  generally  available  luaped  parameter  codes. 
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especially  those  with  nonlinear  elements,  could  be  upgraded  by  the  lncluslt 
of  a better  time  Integration  technique.  How  that  the  author  has  alienated  all 
the  computor  prograa  developers , it  should  be  atatad  that  these  codas  are  still 
very  versatile  and  usable  and  for  the  saall  number  of  degrees  of  freedom  they 
usually  have,  are  very  efficient.  A wall  modeled  lumped  parameter  analysis 
can  usually  provide  a wealth  of  analysis  for  a mere  fraction  of  the  cost  of  a 
huge  general  purpose  program. 

Although  the  author  la  not  thoroughly  familiar  with  all  the  programs  lisp- 
ed, SHOCK,  SHS , and  TABS  (XTABS)  are  probably  the  moet  modern.  In  addition 
NISEE  (National  Information  Service  - Earthquake  Engineering),  see  (h)  below, 
provides  many  computer  programs  of  applicability  to  earthquake  motion.  A 
Hating  of  the  programs  along  with  the  davalopers  and/or  availability  la  given 
below: 

a)  INT-DDAM  (An  Interactive  Time-Sharing  Compu'sr  Program  for  the 

Dynamic  Design  Analysis  Method) 

Developer:  Richard  G.  Gauthier 

Electric  Boat  Division 
Genaral  Dynamics  Corp. 

Groton,  Connecticut 
Available  from  developer  or 

1)  Supships  3,  USN,  Brooklyn,  Mew  York  11251 

2)  GE  - Timesharing  System,  Teaneck,  New  Jersey  07666 

b)  ISIP  (System  of  Shock  Isolation  Programs) 

Developer:  Ralph  M.  Parsons  Co. 

Los  Angelas,  California 
Available:  (I.  S.  Army  Corps  of  Engineers 
Huntsville  Division 
P.  0.  Box  1600  West  Station 
Huntsville,  Alabama  35805 
Attn:  R.  Bradshaw 


c) 


d) 


a) 


f) 


H0266  and  M0678  (PUGIT1) 

Developer : C.  M.  Friedrich  (FUGIT1) 

Bettis  Atomic  Power  Laboratory 
Meetinghouse 

Available:  Argonne  Coda  Center 

Argonne  National  Laboratory 
9700  South  Caas  Avenue 
Argonne,  Illinois  60439 

OPSHK 


Developer:  Dr.  David  Platus/Mr.  Raymond  Curtis 
Mechanics  Research  Incorporated 
Los  Angelas,  California 
Available:  Air  Force  Weapons  Laboratory 
(DEV-S) 

Klrtland  AFB,  New  Mexico  87117 
SHS  (Shell-Shock) 


Developer:  Joe  E.  Grant 

Applied  Mechanics  Division  8113 
Stndla  Laboratories 
Livermore,  California  94550 

Available:  Dfvsloper 

Argonne  Code  Center 
Argonne  National  Laboratory 
9700  South  Caas  Avenue 
Argonne,  Illinois  60439 

SHOCK 

Developer:  V.  K.  Gabrlelson/C.  8.  Hoyle/R.  T.  Reese 
Sand la  Laboratories 
Livermore,  California  94550 
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Available  Davalopara 

Ar  gonna  Coda  Can tar 
Arionna  National  Laboratory 
9700  South  Caaa  Avonua 
Argonn* , Illlnola  60439 

()  TDTNE 

Davalopar:  R.  P.  Kannady 

Holaaa  and  Narvar.  Inc. 

400  Orangathorp*  Avanuu 
Ana ha la,  California  92S01 
Avallabla:  Davalopar 

h)  XTABS  (TABS)  Thraa-dlaanalonal  analyala  of  building  ayataaa 
Davalopar:  (TABS) 

Z.  L.  Ullaon  and  H.  H.  Dovay 
Unlvaralty  of  California 
Barkalay,  California  94720 

(XTABS  modified  varaion  of  TABS) 

Saxton , Fltxgarald  t Kaplan,  Bnglnaara 
San  Franclaco,  California 
Avallabla:  NISEE/Coaputar  Application* 

Davla  Hall 

Unlvaralty  of  California 
Barkalay,  California  94720 


SHOCK  SPECTRUM  COMPUTER  PROGRAMS 

The  conputar  program*  11a  tad  In  thli  aectlon  ar*  not  th*  only  ahock  apactrua 
computer  program*  avallabla.  Th*  Hat  la  to  provide  a campling  of  relatively 
aaay  to  obtain  program*  and/or  program*  with  unuaual  feature*  that  may  make 
the  effort  to  obtain  them  worthwhile.  No  attaapt  ha*  bean  mad*  to  evaluate 
thaaa  program*  aa  to  run  time,  coat,  accuracy,  ate.,  except  that  thaaa  ar* 
program*  that  ar*  In  uaa.  Tabla  2 11a ta  tha  program*  and  thalr  baalc  faaturaa. 
Aa  you  can  aaa,  wav*  ayntheal*  program*  have  alao  bean  Included,  aa  many  time* 
they  go  hand-ln-hand  with  a ahock  apactTa  analyala.  Soma  of  th*  more  varaatlla 
program*  Include  faaturaa  auch  aa  nultl-d.o.f .a  and  nonlinear  atlffnaaa  char- 
acter la  tie*. 

In  addition  to  th*  tabla  th*  davalopar  and/or  availability  of  th*  varloua 
computer  program*  ar*  given  below. 


a)  NPO-10528  (Shock  Spectrum  Analyala  Program) 

Davalopar:  Jat  Propulalon  Laboratory 
Available;  COSMIC 

112  Barrow  Hall 
Unlvaralty  of  G«orgla 
Athena,  Georgia  30601 

b)  PS2QCN  (Artificial  Generation  of  Earthquake  Accelerogram*) 
Davalopar:  Patricio  Rula  6 Joaaph  Panilan 

Unlvaralty  of  California 
Barkalay,  California 
Available:  NISEE/Conputar  Application* 

Davla  Hall 

Unlvaralty  of  California 
Barkalay,  California  94720 

c)  SHOCK  3 (Shock  Spectrum  Analyala  Program) 

Davalopar:  Jack  D.  McBryda 

Lockheed  Electronic*  Co. 

16611  El  Caad.no  Real 
Houaton,  Tana*  770S6 
Available:  NASA  - Johnaon  Space  Cratar 
Houaton,  Tax** 
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d)  SHOCSPEC 

Developer : 

4 

Available i 
a)  SPEC ANAL 
Developer: 
4 

Available: 

f)  SPECK 
Developer: 

Available ; 


g)  STEP 
Developer : 

4 

Available: 

h)  SPECZQ/SPECUQ 

Developer:  N.  C.  Hlgaa  4 P.  C.  Jennlnge 

California  Xnatltute  of  Technology 
Paeadena,  California 
Available:  NISEE/Cowputer  Appllcatlone 

Davie  Hall 

Unlveralty  of  California 
Berkeley,  California  94720 

I)  VIBANA 

Available:  COSMIC 

112  Barrow  Hall 
Unlveralty  of  Georgia 
Athene , Georgia  30601 

J)  WAVSYN/MWAVSTN 
Devalopere:  R.  M.  Paraone  Co. 

Loa  Angelae,  California 

Sperry  Space  Support  Dlvlalon 
Sperry  Rand  Corporation 
Buntavllle,  Alabaaa  33805 
Available:  U.  S.  Arey  Corpe  of  Englneere 
Huntevllle  Dlvlalon 
Buntavllle,  Alabaaa  33805 


(Shock  Spectra  Analyala  of  a Single  Degree  of  Preadoa 
Syatea) 

TRW  Syateaa  Croup 
One  Space  Tark 

Redondo  Beach,  California  90276 

R.  P.  Kennedy 
Holaea  4 Narvar,  Inc. 

400  E.  Orangathorpe  Avenue 
Anahela,  California  92801 
(Spectra  Reaponee  Analyala) 

Daaae  and  Moore 
San  Francleco,  California 
HISEE/Coaputar  Appllcatlone 
Davie  Hall 

Unlveralty  of  California 
Berkeley,  California  94720 

Dr.  Howard  F.  Korean 
TRW  Syateea  Group 
One  Space  Park 

Redondo  Beach,  California  90278 
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INTRODUCTION 

Probabilistic  dynamics,  or  rondos  vibration,  ha*  become  a distinct  and  well- 
established  branch  of  structural  dynamics.  The  sain  ispatua  for  the  appli- 
cation of  the  rondos  vibration  theory  to  practical  structural  dynamic* 
problems  arose  first  in  the  aerospace  Industry,  because  many  aerospace 
structures  are  subjected  to  severe  nondeternlnlstic  (stochastic)  loads  such 
as  forces  dua  to  turbulent  boundary  layers,  jet  exhausts,  etc.  Today,  many 
structures  in  the  areas  of  nuclasr  power  generation  end  offshore  oil  explor- 
ation and  production  are  also  designed  on  the  basis  of  rondos  vibration  anal- 
ysis, bacaune  of  the  stringent  safety  requirements  and  savers  dynamic  loading 
conditions.  Structures  such  as  suspension  bridges,  suspended  roofs  and  tall 
buildings  are  also  analysed  for  wind  and  earthquake  loadings  by  probabilistic 
methods . 

Because  of  the  else  and  complexities  of  modern  structures,  it  is  not 
possible  to  obtain  exact,  or  simple  approximate  solutions  in  most  cases.  The 
high-speed  digital  computer,  which  bee  proven  to  be  a powerful  tool  in  the 
static  and  deterministic  dynamic  analysis  of  structures,  hoe  been  employed 
for  random  vibration  analysis  also. 


PROGRAM  SUWARIES 

A brief  summary  of  fifteen  programs  available  from  private  and  public 
institutions  is  given  in  this  section.  The  summaries  are  based  on  the  infor- 
mation obtained  from  the  developers  and  users. 


NAS  TRAN  [1,  2] 

Capability!  Random  response  analysis  of  linearly  elastic  structures  subjected 
to  stationary  random  loads.  Thera  is  no  restriction  on  the  type  of  the 
structure. 

Method!  Finite  element  method,  and  generalised  harmonic  analysis. 

Language:  FORTRAN  IV 

Hardware!  IBM  70*4,  7094,  360.  370,  CSC  6000  series,  7600  and  UHIVAC  1100 
series.  A minimal  cor*  of  30,000  single  precision  words  is  required. 

Comments!  NASTRAM  is  probably  the  largest  general  purpose  structural  analysis 
program  today.  It  can  perform  a variety  of  static,  stability,  dynamic 
and  hydroelastic  analysis.  Including  the  random  vibration  analysis. 

Developers!  The  program  was  developed  for  NASA  by  the  Computer  Science 
Corporation,  with  MacHaal-Scbwendler  Corporation,  Martin  Baltimore, 
sad  Bell  Aerospace  Company  as  subcontractors. 

Availability!  MASTRAN  can  be  used  from  the  CSC  and  other  data  centers  through- 
out the  U.S.A.  and  Canada  by  paying  a certain  percantage  of  the  computer 
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charges  as  royalty.  The  prograai  can  alao  be  leased,  and  installed  in  the 
user's  computer  system.  It  ia  available  from 

1)  COSMIC 

112  Barrows  Hall 
University  of  Georgia 
Athena,  Georgia  30601 

2)  Naval  Ship  Research  and  Development  Center 
Betheada,  Maryland  20034 

3)  MacNeal-Schvendler  Corporation 
7422  N.  Figueroa  Street 

Los  Angeles , California  90041 

4)  McDonnell  Douglas  Automation  Company 
P.  0.  Box  516 

St.  Louis,  Missouri 

Cost:  $750.00  per  month  (lease)  from  McNeal-Schwendler  Corporation. 


STARDYNE  [3,  4) 

Capability:  Random  response  analysis  of  any  linearly  elastic  structure  sub- 
jected to  stationary  random  forces. 

Method:  Finite  element  method,  and  the  method  of  normal  modes. 

Language:  FORTRAN  IV 

Hardware:  CDC  6600,  7600 

Consents:  STARDYNE  la  a general  purpose  structural  analysis  program  with 
static,  stability,  and  dynamic  analysis  capabilities. 

Developer:  Mechanics  Research  Incorporated 

9841  Airport  Boulevard 
Los  Angeles,  California  90045 

Availability:  STARDYNE  can  be  used  from  the  CDC  and  other  data  centers  on  a 
royalty  basis. 


ELAS  [5] 

Capability:  Random  response  analysis  of  initially  streaaed,  linearly  alastlc 
structures  subjected  to  random  excitations. 

Method:  Finite  element  method. 

Language:  FORTRAN  IV 

Comments:  ELAS  75  is  a general  purpose  program  for  the  static  analysis  of 

structures.  A few  new  subroutines  have  been  added  to  it,  to  handle  random 
vibration  problems. 

Availability:  Listing  or  deck  can  be  obtained  from  its  developer 
Professor  S.  Utku 
Department  of  Civil  Engineering 
Duke  University 
Durham,  North  Carolina  27708 

Cost:  $1000.00. 


PURDUE  PROGRAM  [6,  7] 

Capability:  Estimation  of  the  msan  square  response  of  linearly  elastic  systems 
subjected  to  weskly  stationary  random  forces.  This  program  is  suitable 
for  medium  slsed  structures,  of  about  500  degrees  of  freedom. 

Method:  An  spproximate  method  developed  by  Kayser  and  Bogdanoff  [6,  7].  It  is 
based  on  the  relexatlon  technique,  and  the  accuracy  of  the  solution  can 
be  lap  roved  with  successive  iterations. 

Language:  FORTRAN  IV 

Hardware:  Large  aa  wall  as  mlnlcoaputers.  A minicomputer  with  a 16K  memory 
will  solve  a system  of  about  500  degrees  of  freedom. 

Comments:  The  mass,  damping,  and  stiffness  matrices  ire  to  be  calculated  out- 
side the  program,  and  input  into  it. 
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Availability:  Listing  or  deck  la  available  from  lta  developer 
Profeaaor  J.  L.  Bogdanoff 

School  of  Aeronautics,  Astronautics  and  Engineering  Sciences 

Purdue  University 

West  Lafayette,  Indiana  47907 


RANVIB 

Capability:  Random  response  analysis  of  structures,  such  as  aircraft  fuselage 
vails,  due  to  attsched  turbulent  boundary  layers. 

Method:  Finite  element  method.  A variety  of  beam  and  plate  elementa  are 
used. 

Language:  FORTRAN 

Hardware:  CDC  6600 

Comments:  The  program  la  claimed  to  be  efficient  and  economical  for  medlum- 
to-emall  atructures.  For  a CDC  6600  computer,  the  alee  of  the  stiffness/ 
mass  matrix  Is  limited  to  300th  order. 

Availability:  The  program  is  available  from  its  developer 
Dr.  F.  L.  Cloyna 

Boeing  Commercial  Airplane  Company 

P.  0.  Box  3707 

Seattle,  Washington  98124 


RSPC 

Capability:  Random  response  analysis  of  structurss  subjected  to  multiple  ran- 
dom loadlnga.  The  major  options  for  structural  representations  are 
conical  sections,  genaral  shells  and  wing  buffet. 

Language:  FORTRAN 

Hardware:  CDC  6600.  A 36100  (octal)  memory  la  necessary. 

Comments:  The  mode  shapes,  natural  frequencies,  generalised  forces,  masses 
and  dampings  are  to  be  fed  in.  These  may  be  generated  by  a user-written 
preprocessoi . 

Availability:  Cards  can  be  obtained  from 
AFFDL  Computer  Program  Library 
Wrlght-Patterson  Air  Forca  Base 
Dayton,  Ohio  43433 


KSF  371770  (DARC) 

Capability:  Random  response  analysis  of  truncatsd  conical  shells  subjectsd 
to  random  pressure  excitations  Induced  by  aerodynamic  turbulence. 

Method:  A normal  mode  approach,  with  each  node  represented  by  a second  order, 
linear  oscillator  Is  employed.  Either  theoretical  or  exparlmantal  vibra- 
tion nodal  data  may  be  used. 

Language:  FORTRAN  IV 

Hardware:  IBM  7094 

Availability:  The  program  Is  available  from 
Marshall  Space  Flight  Center 
Huntsville,  Alabama  35812 


RANDOM  [8-10] 

Capability:  Random  response  analysis  of  curved  shell  panels,  reinforced  with 
stiffeners,  under  the  excitation  of  acoustic  pressure  environments.  The 
applicable  boundary  conditions  are  (1)  four  sides  simply  supported, 

(11)  four  sldos  damped,  (111)  two  opposite  sides  simply  supported  and 


r’i  ' mV-  £1 

SVS-'.  lilif.  fJ ' h, . 
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the  other  two  clasped,  and  (lv)  four  aldaa  alaatically  aupported. 
Method:  Method  of  normal  modea. 

Language:  FORTRAN  IV 

Hardware:  IBM  7094.  A 32K  memory  le  required. 

Developere:  Dr.  T.  N.  Lea  and  Dr.  W,  L.  Swanaon 

Engineering  Mechanlca  Department 
Chryeler  Corporation 
Huntavllle,  Alabama  35805 

Availability:  Deck,  tape  or  Hating  can  ba  obtained  from  lta  developera  or 
COSMIC 

112  Barrowa  Hall 
Unlveralty  of  Georgia 
Athena,  Georgia  30601 

Coat:  $400.00  for  deck  or  tape;  $100.00  for  llatlng. 


CYLRES , PLRSEP , PLCRP 

Capability:  CYLRES, PLRSEP  and  PLGRP  are  part  of  a aerlea  of  programa  uaed  to 

calculate  the  atructural  reaponae,  nolaa  tranamlaalon  loaaea,  and  Interior 
nolee  levela  of  an  aircraft  fuaelage  excited  by  random  preaaure  fields. 
Theae  three  programa  are  uaed  to  calculate  the  atructural  reaponae  of  an 
aircraft  fuaelage ; CYLRES  for  the  low  frequency,  complete  fuaelege  caae; 
PLRSEP  for  the  high  frequency,  alngle  panel  caae;  and  PLCRP  for  the 
Intermediate  frequency,  panel  group  caae. 

Language:  FORTRAN 
Hardware:  CDC  6600 

Availability:  Carda  are  available  from 
AFFDL  Computer  Program  Library 
Wrlght-Patteraon  Air  Force  Baae 
Dayton,  Ohio  45433 


NASA-AMES  PROGRAM 

Capability:  Random  reaponae  analysis  of  rectangular  panela  under  the  excitation 
of  an  attached  boundary  layer  In  subsonic  flow  or  an  attached  or  separated 
boundary  layer  In  supersonic  flow. 

Method:  Method  of  normal  modes. 

Language:  FORTRAN 

Hardware:  IBM  360/370 

Coaaaants:  Empirical  formulas  for  the  excitation  pressure  baaed  on  the  exten- 
sive teats  conducted  at  the  NASA-AMES  center  are  incorporated  in  the 
program. 

Availability:  The  program  can  ba  obtained  from 
NASA-AMES  Research  Center 
Moffett  Field,  Callforale  94035 


B0 XVII 

Capability:  Random  response  analyels  of  tbs  akin,  rib  and  frame  of  a nine-cell 
box  etructure  subjected  to  random  acoustic  loading. 

Language:  FORTRAN 

Hardware:  CDC  6600.  A 17700  (octal)  core  la  required. 

Availability:  Carda  are  available  from 
AFFDL  Coaputer  Program  Library 
Wrlght-Pattersou  Air  Force  Rasa 
Dayton,  Ohio  45433 


VDCVIB 

Capability:  Random  reaponae  analysis  of  a thrae-cell  wedge  structure  subjected 
to  random  acoustic  loading. 
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Language:  FORTRAN 
Hardware:  CDC  6600 

Availability:  Cerda  are  available  froa 
AFFDL  Coaputar  Frograa  Library 
Wrlght-Pattereon  Air  Force  Baaa 
Dayton,  Ohio  45433 


MSF  362870 

Capability:  Randoa  raaponee  analyale  of  rectangular,  alaply  aupported  honey- 
comb plataa  aubjected  to  tiae-randoa  concentrated  force  or  unifora 
praaaura  that  haa  a uniform  power  apactral  denelty. 

Language:  FORTRAN  II 
Hardware:  IBM  7094 

Availability:  The  prograa  can  ba  obtained  froa 
Marahall  Space  Flight  Center 
Huntaville,  Alabama  33812 


DISCUSSION 

The  flrat  four  prograaa,  namely,  HAST IAN,  STARDYNE,  ELAS  and  the  PURDUE 
prograa,  differ  froa  the  othera,  In  that  they  are  more  general,  and  can  be 
uaed  to  analyee  eny  type  of  linearly  elaatlc  atructure.  NASTRAN,  STARDYNE  and 
ELAS  uaa  the  finite  element  method,  and  theae  prograaa  can  analyee  large, 
complex  atructurea.  Though  uaar'a  aanuale  are  available,  data  preparation  la 
uaually  tlae-conaumlng  and  involved.  All  the  three  prograaa  have  a high  con- 
fidence level.  NASTRAN  and  STARDYNE  are  available  at  the  CDC  and  other 
coaputar  data  centera  on  a royalty  baala.  Theta  prograaa  are  updated  and  main- 
tained by  the  developera.  Local  data  center  analyat'a  aaelatance  le  available 
to  the  ueara.  NASTRAN  and  STARDYNE  can  aleo  be  laaaed  and  lnatalled  in  the 
uaer'a  coaputar  ayatea.  ELAS  can  be  purchaaed  and  lnatalled  In  the  uaar'a 
coaputar,  but  the  maintenance  le  aalnly  the  uaer'a  reeponalblllty. 

The  PURDUE  prograa  la  aultable  for  medlua  alaed  atructurea  of  up  to  300 
dagraaa-of-freedoa.  In  contract  to  NASTRAN,  STARDYNE  and  ELAS,  thla  prograa 
requlrea  the  aaaa,  damping,  and  atlffneaa  natricea  to  be  calculated  outalde  the 
prograa,  and  fed  In.  The  advantage  of  the  PURDUE  prograa  over  the  othera  la 
that  it  can  be  run  on  aUnlcoaputera  with  about  16K  memory. 

The  remaining  eleven  prograaa  are  developed  for  epedflc  probleaa  In  the 
aaroapace  indue  try.  Theae  prograaa  can  be  obtained  aa  Hat  Inga,  decke  or  tapea. 
RANVIB,  ISPC,  DARC,  RANDOM,  CYLRES,  PLKSKP,  and  PLCRP  are  applicable  to  ehella 
and  curved  panela  aubjected  to  randoa  excltatlone  Ilka  aerodynamic  forcea, 
fluctuating  preaaure  flelda,  etc.  The  NASA- AMES  prograa  la  uaed  for  the  raaponee 
analyale  of  flat,  rectangular  plataa  aubjected  to  boundary  layer  excltatlone, 
BOXVIB  and  UDGVIB  enalyzea  box-llke  atructurea,  and  KSF36287  coaputee  the 
raaponee  of  alaply  aupported,  rectangular  honeycoab  plataa. 

In  general,  theae  prograaa  developed  for  epedflc  probleaa  are  aore 
efficient  than  the  "general-purpoee"  prograaa  Ilka  NASTRAN,  STARDYNE  and  ELAS. 
However,  their  applicability  la  Halted,  and  modifying  thea  for  related 
probleaa  aay  be  auch  Involved. 


CONCLUDING  REMARKS 

A brief  auaaary  of  fifteen  coaaerclally  or  publicly  available  computer  prograaa 
for  the  randoa  vibration  analyale  of  atructurea  la  preeented.  The  relative 
aerlta  of  the  prograaa  froa  the  uaer'a  point  of  view  and  a general  guideline 
on  the  choice  of  prograaa  are  dlacueaed.  Structural  analyeta  and  deelgnera  In 
eearch  of  randoa  vibration  eoaputar  aoftwara  aay  uae  thla  chapter  aa  a starting 
point,  and  obtain  additional  Information  about  tha  prograaa  of  lntereat  froa 
tha  aourcea  llated  In  the  PROGRAM  SUFMARIES  auction. 


252 


SHOCK  AND  mHAHON  COMPVfKS  HHOHRAMS 


ACKNOWLEDGMENT 

The  author  wlahea  to  thank  Profeaaor  W.  D.  Pllkey  for  hit  help  In  obtaining 
information  about  many  computer  prograae.  The  author  la  aleo  grateful  to 
the  many  lnatitutiona  and  Individuals  who  responded  to  his  questionnaire. 


REFERENCES 

1 McCormlc,  C.  W. , ed. , "The  NAS TRAN  User's  Manual,"  The  HacNeal- 
Schvendler  Corporation,  Los  Angeles,  California. 

2 MacNeal,  R.  H.,  ed. , "The  NASTRAN  Theoretical  Manuel,"  The 
MacNeal-Schvendler  Corporation,  Los  Angeles,  California. 

3 Rosen,  R. , "STARDYNE  User's  Manual,"  Mechanics  Resesrch  Inc., 

Los  Angeles,  California. 

4 Lasers,  M.  D. , "DYNRE3-Structural  Dynamic  Random  Response  Analysis: 
Technical  Discussion,"  Mechanics  Research  Inc.,  Lot  Angeles,  California. 

5 Alpay,  1.  B. , and  Utku,  S.,  "On  Response  of  Initially  Stressed 

Structures  to  Random  Excitations,"  Computers  and  Structures.  Vol.3,  1973, 
pp.  1079-1097.  “ 

6 Kayaer,  K.  W. , "A  New  Method  for  Estimation  of  Response  in  Complex 
Systems,"  School  of  Aeronautics,  Aatronsutlcs  end  Engineering  Sciences, 

Purdue  University,  West  Lafayette,  Indiana,  Dec.  1973. 

7 Kayser,  K.  W. , and  Bogdanoff,  J.  L.,  "A  New  Approximate  Method  for 
Predicting  Response  in  Complex  Linear  Systems,"  School  of  Aeronautics, 
Astronautics  and  Engineering  Sciences,  Purdue  University,  West  Lafayette, 
Indiana,  Jan.  1974. 

8 Lee,  T.  N.,  "Theoretical  Analysis,  Final  Report  Computer  Programs  for 
Prediction  of  Structural  Vibrations  due  to  Fluctuating  Pressure  Environments, 
Volume  I,"  Report  No.  HSM-R28-69,  Chrysler  Corporation,  Huntsville,  Alabama, 
July  1969. 

9 Lee,  T.  N. , "Users'  Manual  for  Program  RANDOM,  Final  Report  Computer 
Programs  for  Prediction  of  Structural  Vibration  due  to  Fluctuating  Pressure 
Environments,  Volume  II,"  Report  No.  HSM-R29-69,  Chrysler  Corporation, 
Huntsville,  Alabama,  July  1969. 

10  Lee,  T.  N.,  and  Swanson,  W.  L.,  "Computer  Programs  for  Prediction  of 
Structural  Vibrations  due  to  Fluctuating  Pressure  Environments,"  Shock  and 
Vibration  Bulletin.  Vol.  40,  1969,  pp.  57-68. 


Beams 


Andrew  Jay 

Pratt  and  Whitney  Aircraft 


INTRODUCTION 


All  disciplines  of  engineering  have  become  Increasingly  computer  oriented  In 
the  laet  aeveral  yeere.  Accompanying  thle  lncreaee  hae  been  a need  to  have 
acceaa  to  the  proper  aoftvere  for  e apeclflc  teak.  Hence  the  engineering 
emphasis  hae  ahlfted  from  being  purely  technical  to  allghtly  nore  adnlnletra- 
tlve.  The  engineer  of  today  la  faced  with  a problem  to  be  eolved  and  euet 
dateralna  If  the  toole  (aoftvere,  etc.)  exist  to  eolva  the  problem  economical- 
ly. Large  general  purpoaa  prograna  developed  In  the  laet  aeveral  year a often 
provide  the  toole,  but  are  not  alvaya  the  economical  eolutlon  to  the  problem. 
Thaaa  prograna  era  not  economically  feaelble  for  the  anelyale  of  a • Ingle 
beam  element.  An  engineer  muat  frequently  rely  on  either  a quick  "ball  park" 
hand  calculation  or  the  uee  of  a eo-called  "epeelal  purpoee"  program.  A re- 
view of  available  aoftvere  capebllltiee  for  beame  le  preeentad  to  aid  the 
engineer  In  ealectlng  the  moat  economical  for  hie  purpoaae. 


NOMENCLATURE 

Croae-aectlonal  area 

A/k*  equivalent  ehear  area 

Moment  Intensity  (force-length/length) 

Young' a modulua 

Sheer  modulua  (force/length2) 

Moment  of  Inertia  about  the  y axle 

Modulus  of  alaatlc  displacement  (Hinkler)  foundation  (forca/langth) 
Modulua  of  elastic  rotary  foundation  (fdrce-length/length) 

■ending  moment 

Axial  load 
Tranevaree  loading 

ladlua  of  gyration  of  croae-aectlonal  area 
Time 

Shear  force 

Transverse  displacements 
Axial  coordinate 

Coordinate  in  transverse  direction  (length) 

Component  In  downward  direction  for  horizontal  beam,  the  third 
component  of  the  right-handed  x,y,a  coordinate  eyetem 
Mesa  per  unit  length 
Rotation  (radians) 


■K  -vi-.- 

v i -t: , 


Mi  » 


%:  ^ V-.  ■ 
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EQUATIONS  OP  MOTION 

Thla  (action  praaanta  tha  atatlc  aquations  of  notion  dua  to  nachanlcal  or 
tharmal  loading*  according  to  banding  theory  wharaln  croaa  (actions  ara 
assuaad  to  ranaln  plana,  straaa  is  proportional  to  (train,  and  slopaa  dua 
to  banding  ara  •■all. 

Thasa  aquatlona  ara  givan  In  1st  ordar  fom  by  aquillbrlua  and  forca- 
da format Ion  relationships. 


8 - 

(1) 

M/E1 

(2) 

3M 

as 

V + (kj  + N)fl  + prj  - c(s,t) 

(3) 

3V  . . a2*  ... 

•jj  ■ kfw  + pjjr  - q(*,t) 

(4) 

Thaaa  aquations  rapraaant  tha  Timosha nko  baan.  By  aattlng  l/GAg  * 0 thasa 
aquations  rapraaant  tha  Raylalgh  baan.  If  pr2  320/3t2  “ 0 thay  rapraaant 
the  ahaar  baan,  and  by  aattlng  both  of  thasa  aquations  aqual  to  taro  tha 
Euler-Bernoulll  baan  la  derived. 


Nunarlcal  Methods 

The  most  comm  nunarlcal  techniques  used  for  baan  analysis  ara  analytical 
nunarlcal  integration,  tha  finite  alanant  net  hod,  tha  transfer  matrix  method, 
and  tha  finite  difference  method . On  tha  basis  of  available  programs  it 
would  appear  that  tha  finite  alanant  aathod  and  tha  transfer  matrix  method 
land  thanaslvas  nore  anally  than  tha  other  nathods  to  tha  solution  of  baana 
with  complex  geometries  and  loadings.  (Saa  Pig.  1 for  exanpla.) 


Pig.  1 


A large  nuafcer  of  the  programs  in  the  following  section,  including  tha 
nora  general  beam  analysis  programs,  ara  transfer  matrix  method  type  programs. 
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PROGRAM  SUMMARIES 

To  (ollclt  Information  from  program  davelopara,  a quaatlonnalra  vaa  aant  out. 
Raaponaaa  to  thia  quaatlonnalra,  plua  Information  gatharad  from  othar  aourcaa, 
provldad  tha  Information  necessary  to  compile  thaaa  aummarlaa.  Soma  programa 
hava  baan  omit tad  bacauaa  they  vara  vary  poorly  documantad;  and  large  ganaral 
purpoaa  programa  with  baam  alamanta  hava  alao  baan  omlttad.  All  programa 
mantlonad  hava  baan  conflrmad  to  ba  avallabla  for  purchaaa  or  uaa,  by  a quali- 
fied Individual.  Often  an  lnaufflclent  amount  of  Information  vaa  available 
regarding  a apeclflc  program' a Input,  output,  or  uaaga  and  than  thaaa  lteaa 
vara  omitted. 


SPIN 


Date:  Developed  November  1970. 

Capability:  Thle  program  calculates  tha  critical  spaada  of  rotating  ahafta 

and  tha  natural  frequanclaa  In  banding  of  multlapan  baaaa  of  arbitrary 
croaa  aactlona.  In  addition  it  calculates  the  response  due  to  sinu- 
soidally applied  forces.  Tha  deflections,  bending  momenta,  shear  forces, 
and  straaaas  created  by  static  forces  can  alao  ba  found  by  forcing  tha 
shaft  at  taro  speed.  SPIN  uaaa  a distributed  mate  method  for  dynamic 
analysis,  but  additional  mast  and  rotary  Inertia  can  ba  lumped  at  polnta 
for  proper  modeling  of  gaara,  disks,  ate.  External  springs  to  ground, 
both  linear  and  rotary,  can  ba  Included  In  tha  analysis  to  rapraaant  sup- 
ports or  bearings.  Two  segments  of  tha  baan  or  ahaft  can  alao  ba  joined 
with  linear  and  rotary  aprlnga  to  rapraaant  a flexible  coupling,  gear 
mesh,  or  hinge.  A forced  response  can  ba  found  due  to  concentrated 
forces  and  momenta,  distributed  loading,  rotating  unbalance  loads,  weight 
loading,  or  any  combination  of  tha  above.  Both  forced  static  deflections 
and  dynamic  frequency  response  curves  may  ba  generated. 

Method:  Transfer  matrices  are  used  for  the  analysis. 

Limitations:  Lack  of  lnspan  support  conditions  available.  Unstable  for  high- 

er frequencies. 

Input:  Span  length,  support  conditions,  applied  loads,  material  constants, 

cross-sectional  properties,  and  analysis  type  are  required.  The  pro- 
gram has  a batch  version  only,  but  it  Is  executed  on  a tine-sharing 

system. 

Output:  Displacements,  forces,  and  stresses  are  output,  as  vail  as  natural 

frequencies. 

Language : FORTRAN  IV 

Hardware:  Honeywell  400  and  *00,  XDS  Signs  9,  and  CDC  6000  scries. 

Usage:  User's  Manual  available  [1],  technical  manual  also  available. 

Developer:  Structural  Dynamics  Research  Corp.  (SDRC) 

S729  Dragon  Hay 
Cincinnati,  Ohio  43227 
(513)  272-1100 

Availability:  Use  basis  from  SDRC,  contact  Edward  Carl  at  the  above  address, 
also  available  on  the  Acts,  Corn-Share,  Metrldats,  G.E.,  and  U.S.  Steel 

Systems. 

Comments:  A problem  Is  encountered  with  modeling  ln-span  supports  as  springs. 
Numerical  problems  can  occur  If  the  spring  constant  la  not  proparly 
chosen.  Input  data  Is  In  free  format  form.  Tha  program  may  alao  be 
purchased  from  the  developer  for  a negotiable  price. 


BEAM  RESPONSE 


Date:  Developed  1974. 

Capability:  Thle  la  a general  beam  analysis  program.  Static,  stability,  and 
dynamic  analyses  can  be  performed  for  beams  of  uniform  or  variable  cross 
section  with  arbitrary  mechanical  or  thermal  loading.  The  beans  may  be 


I 


236 


SHOCK  A Nil  VIBRATION  COMPUTER  PROGRAMS 


ordinary  Euler-Barnoulll  baaaa,  or  tha  affacta  of  axial  forces,  ahaar 
deformation,  rotary  inartla,  and  gyroacopic  aonanta  can  ba  included. 

The  baaa  can  lia  on  Wlnklar  alaatic  or  higher-order  foundation!.  Any 
number  of  in-apan  aupporte  are  acceptable,  including  extension  sprlnga, 
rotary  springs,  rigid  supports,  guides,  ahaar  ralaaaes,  and  moment  re- 
leases. 

Mathods  This  is  a transfer  matrix  program  taken  from  [2).  This  reference 
contains  the  theory  and  many  example  problems. 

Input:  Langth  of  member,  support  conditions,  applied  loads,  material  con- 
stants, foundations,  cross-aaction  propartlas  and  analyale  type  are  re- 
quired input.  An  Interactive  prompting-type  preprocessor  la  available. 

Output:  Deflection,  slope,  banding  moment,  and  shear  force  are  output  for 
static  and  steady-state  analyaea,  tha  critical  load  and  mode  shape  for 
stability,  the  natural  frequencies  and  mode  shapes  for  transverse 
vibration.  Line  printer  plot  of  mode  shapes  la  avallabla. 

Language:  FORTRAN  IV 

Hardware:  CDC  6000  Serlaa,  UNIVAC  1108,  IBM  370,  PDF  10,  Data  General, 
Honeywell. 

Usage:  Technical  manual  ia  available. 

Developers:  P.  T.  Chang  W.  D.  Pllkey 

Dept,  of  Engr.  Scl.  & Systems 
University  of  Virginia 
Thornton  Hall 

Charlottesville,  Virginia  22901 
(804)  924-3291 

Availability:  Purchase  for  $150  from: 

Structural  Members  Uaara  Croup,  Ltd. 

F.0.  Box  3958 

University  of  Virginia  Station 
Charlottesville,  Virginia  22903 

Also,  this  is  available  on  commercial  networks.  Contact  the  Structural 
Members  Users  Group  for  details. 

Comments:  Every  effort  has  been  made  to  make  tha  documentation  aa  self- 

contained  aa  possible.  Program  la  vary  easy  to  use  in  a tlmt-sharing 
format,  but  a bit  awkward  to  uae  in  a batch  mode. 


Mon-Uniform  Beam  With  Attached  Masses (NUBWAM)  [3,4] 


Data:  May  1972. 

Capability:  This  program  compute*  upper  and  lower  bound*  to  banding  frequen- 
cies and  estimate*  mod*  shape*  of  non-uniform  beams  with  elastically 
attached  masse*.  The  Raylalgh-Rlts  procedure  is  used  to  obtain  the 
upper  bounds  and  th*  node  shape*  | the  lever  bounds  are  obtained  using 
the  method  of  Intermediate  problems.  Upper  and  lower  bounds  that  brac- 
ket the  true  frequencies  are  found,  whereas  other  smthods  give  estimates 
of  th*  frequencies  but  do  not  give  error  bounds. 

Method:  Raylelgh-Rits  method,  and  the  method  of  intermediate  problssm. 

Input:  Free-fleld  input  is  used. 

Output:  Natural  frequencies  and  mod*  shapes. 

Language:  PL/1 

Hardware:  IBM  360/91  - 250K  Storage. 

Developer:  N.  Rubinstein  or  J.  T.  8 tad  ter 
APPLIED  PHYSICS  LAB 
Johns  Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  Maryland  20910 

Availability:  Available  for  no  cost  from  developer,  just  send  tap*  for  ex- 
change. 

Comments:  The  computer  program  is  printed  in  [3]  and  [4].  It  consists  of 
roughly  2000  source  statements. 
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GBRF 


Date:  June  1965 

Capability:  Thla  program  performs  the  free  vibration,  steady  state  dynamic 

and  transient  response  of  straight  beams,  systems  of  straight  beams 
elastically  connected,  and  systems  of  beama  with  attached  sprung  masses. 
The  cross  section  may  be  piecewise  constant.  Inspan  supports  may  be 
prescribed.  The  material  must  be  linear  elastic  with  viscous  and  struc- 
tural damping.  Loading  may  be  general  periodic.  For  dynamic  response 
the  beams  are  modeled  with  lumped  masses.  Concentrated  rotary  inertia 
and  gyroscopic  effects  may  be  Included. 

Method:  The  transient  dynamics  are  performed  with  Fourier  analysis.  Undamp- 

ed natural  frequencies  are  found  via  iterative  search.  Finite  differ- 
ences are  used  to  generate  coefficients  for  the  matrix  equations.  While 
In  some  cases,  such  as  susses  connected  by  springs,  the  coefficient  ma- 
trix generated  by  GBRP  does  reduce  to  the  sum  of  mass,  damping,  and 
stiffness  matrices,  thla  la  not  always  true.  For  example.  In  the  case 
of  bending  vibrations  the  unknovn  variable  bending  moment  appears  In  a 
vector  on  the  left  aide  of  the  matrix  equation  rather  than  In  the  force 
vector  on  the  right  aide.  This  results  from  the  form  of  the  difference 
equations  which  are  derived  in  the  analysis. 

Limitations:  The  total  number  of  beam  masses  (or  section,  since  masses  are 

concentrated  at  the  centers  of  rsspaetlva  sections)  is  actually  limited 
only  by  available  computer  core.  The  degress  of  fresdom  at  eech  mass 
are  deflection,  bending  mosMnt,  and  angle  of  twist  about  the  beam  axis 
depending  upon  the  application.  For  example  the  degree  it  freedom  for 
purely  longitudinal  or  torsional  vibration  Is  daflactlrn;  for  bending 
or  whirling  vibrations,  the  degrees  of  freedom  are  deflection  and  band- 
ing moment;  for  bending  coupled  with  torsion  the  degrees  of  freedom  are 
deflection,  bending  moment  and  twisting  angle.  The  total  degrees  of 
freedom  are  therefor  equal  to  the  number  of  messes  times  an  appropriate 
multiplier  as  determined  per  application. 

Input:  The  input  consists  of  the  mass-elastic  parameters  for  the  beans  sub- 

divided Into  Intervals  for  finite  differencing  of  the  differential 
equations  - l.a.,  masses  of  beam  ssctlons,  bending  rigidities  (Ax/EI), 
shear  rigidities  (Ax/EAG) , rotatory  Inertias  (Tps  Ax),  stc. 

Output:  Output  consists  of  the  response  vectors  for  forced  frequency  vibra- 

tion, or  critical  whirling  frequencies,  or  natural  (undamped)  frequencies. 
The  response  vector  consists  of  the  deflection  (longitudinal  or  pure 
torsional  vibrations),  or  deflection  and  bending  moment  (bending  vibra- 
tions), or  deflection,  bending  moment  and  angle  of  twist  (coupled  band- 
ing and  torsion),  or  deflection  and  moment  In  the  two  perpendicular 
planes  of  vibrations  Into  which  whirling  vibration  Is  resolved.  See  [5, 
6,7,8,9,10]. 

A complete  description  of  the  Input  and  output  Is  covered  in  the 
documentation  In  addition  to  that  already  noted  under  that  heading 
"Cosssents." 

Note  that  GBRP  Is  a unified  version  of  General  Bending  Response  Codas 
-1,  -2,  -3  with  the  added  capability  for  general  periodic  forced  response. 

Language:  Primarily  FORTRAN  with  some  COMPASS  In  the  CDC  version. 

Hardware:  Older  versions  of  the  nodules  of  GBRP  (GBRC  1,  -2,  -3)  are  avail- 
able on  IBM  and  UNIVAC  machines.  The  current  version  Is  available  only 
on  CDC  machines  at  NSRDC  at  the  present. 

Usage:  Program  la  operational. 

Developer:  Dr.  Elisabeth  Cuthlll  4 Mr.  Francis  Henderson 

Naval  Ship  Research  6 Development  Center 
Betheada,  Maryland  20036 

Availability:  Available  from  developer  to  all  but  foreign  commercial  firms. 

Comments:  Plotting  capability  la  available  for  an  SC  6020.  Documentation 

la  In  the  form  of  NSRDC  Reports  {8,  9,  10]. 
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OBSV  [11,  12,  13] 


Date:  December  1974. 

Capability:  Thle  program  la  daalgned  (or  the  optlmlaatlon  of  beaaa  (or  ata- 

blllty  and  vibration.  Tha  beam  may  have  an  elaatlc  foundation.  In-*pan 
aupporta  ara  permitted  and  the  beam  auat  be  atralght.  Croaa  aactlona 
can  be  placavlaa  conatant.  Natural  frequanclaa  era  computed  by  Iterative 
aearch. 

Method:  The  finite  element  dlaplacement  method  la  uaad  for  tha  analyala. 

Llmltatlona:  Unetable  for  higher  frequanclaa.  A maximum  of  128  dagreaa  of 

freedom  ara  permitted. 

Input:  Tha  beam  croaa  aactlon  and  other  geometry  muat  be  Input.  Type  of 

analyala  and  aupport  condition  muat  alao  be  epeclfled. 

Output:  Buckling  load  or  natural  frequanclaa. 

Language:  IBM  370/168,  UNIVAC  1108. 

Uaage:  In  uae  at  two  lnatltutlona. 

Developer:  Manohar  P.  Kamat 

230  Norrla  Hall,  VPI  6 SU 
Blackaburg,  Va.  24061 

Availability:  Available  from  developer  for  $230.  A revlaed  varalon  became 
available  September  1973. 

Commenta:  The  program  alao  determine*: 

1.  The  dletrlbution  of  material  of  a given  volume  ao  a*  to  max lml i a the 
buckling  load  or  tha  fundamental  frequency  of  vibration  aubjact  to  an 
Inequality  conetralnt  A(x)  2 

2.  Frequency  doaeat  In  abaolute  modulua  to  any  Input  frequency. 

3.  A large  number  of  croai-aactlonal  ahapea  can  be  deacrlbad  by  relation* 
of  the  form  I(x)  ■ p[A(x)]“  where  n 1*  any  real  poeltlva  number. 


DAXAXX4  [14] 


Date:  Developed  March  1968. 

Capability : Thle  program  calculate*  the  time  hiatory  of  tha  raaponae  of  a beam 

to  applied  force  pulaea  and  applied  torque  pulee*.  The  beam  la  repra- 
aanted  by  a lumped  parameter  ayatam  which  la  eaaentlally  equivalent  to  a 
finite  difference  approximation  of  the  governing  aquation*.  In  addition 
to  aolvlng  the  general  cate  of  coupled  banding  and  toralon,  the  program 
can  be  uaed  for  uncoupled  bending  and  toralon,  for  toralon  alone,  or  for 
bending  alone.  Bilinear  external  aprlnga  nay  be  lnaerted  between  the  beam 
and  ground.  The  program  allow*  any  combination  of  hinged,  damped,  free 
or  guided  flexural  boundary  condition*.  The  applied  force*  and  torquaa 
are  function*  of  time.  Tha  program  provide*  for  lnelaatlc  behavior  by 
aeaunlng  that  both  the  moment  curvature  and  the  torque  angle  of  twlat  rela- 
tion* are  of  the  bilinear  type  with  hyateretlc  recovery.  Shear  and  rotary 
Inertia  are  neglected,  and  no  damping  1*  Included.  The  raaponae  1*  deter- 
mined by  a atap-by-atep  integration  of  tha  aquation*  of  motion  using  the 
linear  acceleration  method. 

Method:  Finite  difference*  with  numerical  integration  ualng  the  linear  acceler- 

ation method. 

Input:  Beam  element  bilinear  moment-curvature  and  torque-twlat  relation*  plu* 

the  element  length,  mail  and  radlua  of  gyration  normd  to  tha  beam  axl*. 
Applied  force*  and  torque*  ara  defined  aa  trlllnear  pulaea  at  each  nod*. 
Beam  Initial  condltona,  boundary  condition*  and  integration  time  conatant* 
are  alao  required. 

Output:  Tim*  hiatory  of  tha  raaponae. 

Language:  F0BTIAM  IV. 

Hardware : CDC  6600 

Developer:  T.  B.  Jackaon,  Manager 
Computer  Laboratory 
Southweat  Kaaaarch  Inatltute 
8300  Culebra  load 
F.  0.  Drawer  28310 
San  Antonio,  Texaa  78284 
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Availability:  For  aala  from  developer  for  a nominal  handling  charga. 


DANAXXO  [14] 


Data:  Davalopad  March  1968. 

Capability:  Tha  program  calculataa  tha  fraquanclaa  and  alganvactora  of  a baam 

with  lumpad  maaaaa.  Rotary  lnartla  nay  ba  lncludad.  Tha  program  may  alao 
ba  uaad  to  calculata  tha  raaponaa  dua  to  atatic  loada.  Tha  baam  la  eub- 
dlvldad  Into  aagmanta,  within  aach  aegmunt  tha  banding  atlffnaaa  El  la 
conatant.  Tha  program  allowa  tha  uaar  to  lncluda  af facta  of  both  llnaar 
and  rotational  external  alaatlc  aprlnga  at  ona  or  nora  jolnta. 

Mathod:  Tha  program  uaaa  a atlffnaaa  matrix  mat  hod  of  analyala. 

Input:  Elamant  Identification,  banding  atlffnaaa  and  lnartlaa  plua  atatic  loada 

and  axtarnal  aprlng  atlffnaaa. 

Output:  Fraquanclaa  and  moda  ahapaa. 

Language : FORTRAN  TV 

Hardware:  CDC  6600 

Davalopar:  T.  R.  Jackaon,  Manager 

Computer  Laboratory 
Southwaat  Raaaareh  Inatltute 
8500  Culabra  Road 
P.  0.  Drawer  28510 
San  Antonio,  Taxaa  78284 

Availability:  For  aala  from  davalopar  for  a nominal  handling  charge. 


N0M0D 


Date:  Unknown. 

Capability:  Thla  program  detaralnee  tha  dynamic  raaponaa  of  a multi-degree  of 

freedom  ayatam. 

Mathod:  Tha  normal  moda  method  of  analyala  la  uaed  to  determine  tha  raaponaa 

of  a beam  modeled  aa  a ayatam  of  lumped  maaaaa  connected  by  llnaar  flexi- 
ble element a. 

Input:  Either  the  flexibility  matrix  or  the  equivalent  almple  beam  geometry 

nay  ba  epeclfled.  The  excitation  function  can  be  in  tha  form  of  conatant 
atartlng  velocity,  velocity  or  acceleration  apectrum. 

Output:  Tha  nodal  fraquanclaa  and  aaaoclated  mode  ahapea  are  output.  Forcea 

and  deflectlona  of  aach  maaa  point  and  the  forcea  on  tha  connecting  ele- 
ment are  alao  prlntad. 

Language:  FORTRAN  IV. 

Developer:  Weatlnghouae  Electric  Corporation 

Advanced  Syatema  Technology 
700  Braddock  Avenue 
Pfttaburgh,  Penna.  15112 

Availability:  Contact  developer  regarding  availability. 


TIM0SH 


Data:  Developed  1974. 

Capability:  Thla  program  parforne  tha  atablllty,  free  vibration,  and  ateady- 
atate  dynamic  analyala  of  a Tlmoahanke  beam.  The  beam  croaa  aectlon  muat 
be  plecewlae  conatant.  Any  type  of  boundary  condltlone  are  permitted. 
Rigid  inapan  eupporta  may  be  lncludad. 

Method:  The  finite  element  dlaplacement  method  with  contlnuouely  dlatrlbuted 

maaa  la  uaed. 

Llmitetlona:  Unknown. 

Input:  Beam  geometrical  and  phyalcal  propertlea  muat  be  Input. 

Output:  Mode  ahapea,  critical  loada,  natural  frequeoclee  and  nodal  forcea 
and  dlaplacemanta  are  output. 

Language:  FORTRAN  IV, 
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Hardware  IBM  and  CDC  nachlnas. 

Davalopar:  Dr.  Franklin  Y.  Chang 

Civil  Englnaerlng  Dapt. 

University  of  Mlaaourl  - Holla 
Holla,  Mlaaourl  65401 

Availability:  Prograa  avallabla  froa  davalopar. 


FAMSUB  {15] 


Data:  March  15,  1971. 

Capability:  Thla  prograa  dataralnaa  tha  tranavaraa  natural  fraquanclaa  and 
aoda  ahapaa  of  unifora  baaaa  subjected  to  any  of  tha  following  boundary 
condltlona:  alaply  aupportad,  cantllavar,  alaply  aupportad-fraa,  alaply 

aupportad-claapad,  fraa-fraa,  and  claapad-claapad , Fraquanclaa  and  aoda 
ahapaa  of  thaaa  baaaa  ara  obtalnad  by  finding  tha  roota  of  tha  fraquancy 
function  for  any  of  tha  abova  boundary  condltlona,  putting  tha  valuaa 
of  tha  fraquanclaa  Into  tha  corraapondlng  modal  aquation,  and  cal- 
culating tha  ralatlva  displacements  of  avanly  placed  points  along 
the  axle  of  tha  baaa.  Tha  fraquancy  functions  and  modal  aquations  ara 
darlvad  from  tha  Tlaoahanko  thaory  of  tha  tranavaraa  vibrations  of  uni- 
form baaaa.  Tha  Tlaoahanko  thaory  accounts  for  tha  af facts  dua  to  band- 
ing, rotary  lnartla,  and  ahaar  flexibility.  Provisions  ara  aada  for 
delating  certain  terms  froa  tha  fraquancy  and  nodal  aquations  so  that 
other  cases  accounting  for  banding  only,  banding  and  xotary  lnartla, 
or  banding  and  ahaar  flexibility  can  also  ba  considered. 

Method:  Roota  of  fraquancy  function. 

Limitations : No  lnspan  supports  ara  allowed. 

Input:  Type  of  baaa,  aatarlal  properties,  crosa-sactlonal  properties  ara 

input . 

Output:  Fraquanclaa  and  node  shapes  ara  output. 

Language:  FORTRAN  IV. 

Hardware:  IBM  7094/7044 

Developer:  NASA,  Goddard 

Goddard  Space  Flight  Center 
Graanbalt,  Maryland  20771 

Availability:  Batch  prograa  la  available  for  $275  froa  COSMIC,  Prog.  #GSC-D429. 

Barrow  Hall 
University  of  Georgia 
Athens,  Georgia  30601 

Coaaanta:  Appears  to  ba  a fairly  speclallced  simple  prograa. 


Critical  Spaed  and  Natural  Fraquanclaa 

Data:  Developed  February  4,  1965. 

Capability:  Tha  purpose  of  thla  prograa  is  to  compute  tha  critical  fraquancy 
of  a rotating  shaft  with  rotary  lnartla  and  ahaar  affect  and  tha  lateral 
fraquancy  of  a baaa  vibrating  In  plana  notion.  The  analysis  la  identical 
In  both  caaaa.  Tha  shaft  or  baaa  la  divided  Into  an  arbitrary  nuabsr  of 
sections.  Each  section  la  selected  so  that  thara  la  a linear  relation 
between  the  paraastara  (daf lection,  slope,  aoaant,  shear)  at  tha  two  ends 
of  each  aectlon.  The  parameters  of  two  adjacent  sections  ara  also  con- 
nected by  a linear  relation.  This  leads  to  a reduced  transfer  matrix 
froa  which  tha  critical  spaed  or  lateral  fraquanclaa  are  obtained. 

Method:  Transfer  aatrlcaa. 

Input:  Caoaatrlcal  and  mechanical  properties  of  the  shaft  aust  ba  provided. 

Output:  Natural  frequency  and  determinate  ara  printed. 

Language:  FORTRAN  IV. 

Hardware:  IBM  7094. 

Developer:  Aerojet-General  Corp, 

P.  0.  Box  15847 
Sacraaanto,  California 


HUMS 
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Availability:  Batch  prograa  la  avallabla  for  $275  from: 

COSMIC,  Frog-  fNUC-10090 
Barrow  Hall 
Unlvaralty  of  Georgia 
Athena,  Ceorgla  30601 

Comment*:  Thla  appeara  to  ba  a fairly  apaclalltad  • lap  la  prograa. 


Critical  Spaada 

Date:  Davalopad  Dacaabar  1965. 

Capability:  The  purpoaa  of  thla  prograa  la  to  determine  the  critical  apeeda 

or  the  lateral  vlbratlona  of  uniform  or  nonuniform  contlnuoue  ahafta 
with  any  nuabar  of  aupporta.  The  baaa  la  rapraaentad  by  a ayataa  of 
luapad  paraaatara  In  matrix  fora  ualng  the  tranafer  matrix  method.  The 
condition*  at  one  and  of  the  baaa  are  related  to  thoaa  at  the  other  and. 
The  aaaa  of  each  ahaft  la  aaauaad  to  ba  concentrated  at  the  middle  with 
or  without  a aprlng  aupport.  The  deflection,  alopa,  aoaant,  and  ahaar 
of  the  left  and  are  axpraaaad  In  teraa  of  thoaa  at  the  right  and  In 
aatrlx  fora.  Baaed  on  atatlc  and  dynaale  equilibrium  condition*,  alallar 
metric**  can  ba  put  together  according  to  the  atructural  ayataa  and 
era  reduced  ona  by  one  to  a alngle  four-by-four  aatrlx.  Equating  tha 
determinant  to  aero  yield*  tha  daalrad  lateral  frequendea  or  critical 
apaad  of  tha  ayataa. 

Method:  Tranafer  aatrlcaa. 

Input:  Geometry  and  phyalcal  propartlea  of  baaa,  boundary  condition,  and 

Initial  fraquancy  guaaa  are  Input. 

Output:  Natural  frequenclee  and  aoda  ehapea. 

Language:  FOKTIAN  IV. 

Hardware:  IBM  7096. 

Developer:  Aarojat-Ganaral  Corp. 

P.  0.  Box  15867 
Sacraaento,  California 

Availability:  Batch  prograa  la  avallabla  for  $275  from: 

COSMIC,  Frog.  INUC-10091 
Barrow  Hall 
Unlvaralty  of  Georgia 
Athena , Georgia  30601 


DEPR0SS1  [16] 

Data:  Developed  Auguat  1965. 

Capability:  Thla  prograa  calculatea  tha  dynaale  alautlc-plaatlc  raaponaa  of 

beaaa  that  are  aubjactad  to  an  Initial  lapulalve  loading.  Baaaa  are 
rapraaentad  aa  dlacreta  aaaa  aaaeablagea,  and  they  can  ba  elaply  aup- 
portad  or  claapad.  Baaa  croaa  eectlona  auat  ba  rectangular  and  uniform. 

Hat  hod:  Finite  dlffarancea  are  uaad  for  tha  analyele. 

Llnltatlona:  No  lnapan  aupport*.  Croaa  faction*  auat  ba  rectangular. 

Input:  Unknown. 

Output:  Unknown. 

Language  FORTRAN  IV 

Hardware:  IBM  Machlnea. 

Developer:  Hane  A.  Balaar 

Dept,  of  Aaronautlca  and  Aatronautiee 
M.  I.  T. 

Caabrldga,  Maaa.  02139 

Availability:  For  aala  for  nominal  charge  from: 

T.  R.  Jackaon,  Manager 
Coaputar  Laboratory 
Southwaat  Raaaarch  Inat. 

8500  Culelre  Road 
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Raaponaa  of  a Simply  Supported  Beam  (COLD1) 


Data:  Unknown. 

Capability:  An  approach  la  presented  by  which  tha  dlaplacaaant , velocity, 

and  accalaratlon  hlatory  at  polnta  along  a nonuniform  alaply  aupportad 
baaa  with  tlaa  dependant  boundary  condltlona  aay  be  determined.  Exci- 
tation of  tha  atructure  la  In  tha  form  of  velocity  hletorlea  at  tha 
two  aupporta.  Theaa  velocity  hletorlea  at  the  two  aupporta  are  not 
required  to  be  Identical. 

Method:  The  atlffneaa  method  la  uaad  to  formulate  the  finite  element  problem. 

Output:  Dleplacementa,  velocity,  and  accelerations  ere  output. 

Language:  FORTRAN  IV. 

Hardware:  IBM  1130  - 3K  of  atoraga. 

Developer:  Jackie  Potta 

Naval  Ship  Raeearch  and  Development  Center 
Batheeda,  Maryland 

Availability:  Available  only  to  qualified  lndlvlduale. 

Tranavaraa  Modal  Data  of  Nonuniform  Beane  [17] 

Data:  Developed  September  1967. 

Capability:  Thla  program  calculatee  tha  tranavaraa  natural  frequendea  of 

free-fraa  diacontlnuoua  nonuniform  baamllke  atructure*  Including  the 
aecondary  affacte  of  rotary  Inertia  and  ahaar  deformation.  In  addition, 
node  ahapaa,  croee-eectlonal  rotation*,  momenta,  ahaar  and  their  flret 
derivative*  can  b*  calculated.  Total  maaa,  canter  of  gravity,  momenta 
of  Inertia  about  the  center  of  gravity  and  about  the  end  of  the  bean, 
and  generalised  mesa  nay  also  be  calculated.  A method  la  also  pre- 
sented for  using  this  program  for  boundary  conditions  other  than  free- 
free,  and  the  elimination  of  secondary  Influence*  from  the  aolutlona. 

Method:  Recurrence  solution. 

Output:  Natural  frequencies  and  mode  shapes  are  output.  Aleo  mass  quantities 

and  crose-eactlonal  properties  are  output. 

Language:  FORTRAN  IV. 

Hardware:  IBM  7094. 

Developer:  NASA,  Goddard 

Goddard  Space  Flight  Canter 
Creanbalt,  Maryland  20771 

Availability:  Program  may  be  obtained  from  developer  (program  no.  G CSF  800018) 

or  from  COSMIC. 

Commente:  Program  la  discussed  In  [17].  The  source  deck  consist*  of  2260 

cards. 


Dynamic  Response 

Date:  Developed  1971. 

Capability:  Tha  program  perform*  the  analysis  of  skewed  girder  highway  bridges 
under  static  and  dynamic  loadings. 

Method:  Both  finite  element  method  and  finite  difference  technique*  are  used 

for  problem  solution. 

Limitations:  Specialised  for  bridge  structures. 

Input:  Geometry  and  physical  properties  era  Input. 

OuCput:  Deflections  are  output. 

Language:  FORTRAN  IV. 

Hardware:  CDC  and  IBM  equipment. 

Developer:  U.  J.  U,  Bka 

McGill  University 
Ciimft 
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Availability:  Ordar  thaala  from:  National  Library  of  Canada 

Ottawa,  Canada 

Cooaanta:  Author 'a  Ph.D.  Thaala,  McGill  Unlvaralty,  1971 


0KEGA2 

Capability:  Thla  progrm  calculataa  tha  critical  apaada  and  natural  bam 
aoda  fraquenclea  of  varlabla  circular  (hollow  or  aolld)  croaa  aactlon 
ahafta  without  damping.  Moda  ahapaa  ara  calculatad  for  aach  fraquancy. 
Tha  program  accounts  for  ahaar  daflactlon  and  rotary  lnartla  affacta, 
the  alaatldty  of  ahaft,  and  local  "hinga"  affacta  auch  aa  flexible 
(In  bending)  ahaft  couplinga  or  flanged  jolnta,  and  any  number  of  aup- 
porta  of  finite  radial  and  banding  (alopa)  atlffnaaa. 

Method:  Finite  element  Method. 

Language:  FORTRAN 

Hardware:  Originally  written  for  a Burrougha  8-6700  ayetm. 

Developer:  Dr.  H.  Nolle 

Department  of  Mechanical  Engineering 
Monaah  Unlvaralty 
Clayton,  Victoria  3168 
Auatralla 

Availability:  Tha  progrm  la  available  commercially,  contact  the  developer. 


ISO-DAMAGE 


Date:  Developed  December  1971. 

Capability:  The  prograaM  datarmlnaa  tha  lao-daaaga  curve*  for  elaatlc,  per- 

fectly plant lc  alaply  aupportad  baaaa  which  ara  loaded  with  bleat  wave*. 

Method:  A blaat  wave  la  modeled  aa  a almpla  exponentially  decaying  forcing 
function.  The  bam  la  aaaumed  to  raepond  in  lta  normal  mode*  of  vibra- 
tion during  tha  elaatlc  phaae  of  tha  raeponee,  and  aa  a mechanlm  after 
tha  alaatlc  limit  la  reached. 

Developer:  School  of  Engineering 

Air  Force  Inatltute  of  Technology 
Wrlght-Patteraon  AFB,  Ohio 

Availability:  Contact  developer. 

Conmenta:  Reference  report  la  AD-737  362. 


AE  BEAM 


Data:  Developed  May  1970. 

Capability:  There  ara  two  programa  for  tha  calculation  of  atatlc  and  dynamic 
charactarletlce  of  axial  structure*  (euch  aa  baaaa).  Static  daflactlon 
ae  wall  aa  natural  fraquanclaa  and  node  ahapaa  ara  determined.  Damping 
la  alao  Included. 

Input:  Phyelcel  and  material  properties  muat  be  Input. 

Outvut:  Natural  fraquanclaa,  mode  ahapaa,  and  atatlc  deflectlona  ara  output. 

Deva.'oper:  L.  V and  an  Noortgate 
Louvain  Unlvaralty 

Belgium 

Availability:  Contact  developer  for  detalle. 


DTNLAK  US) 


Data:  Developed  1971 

Capability:  Thla  progrm  calculator  tha  large  flexural  vibratory  planar  re- 
iponee  of  thin  elaatlc  or  vlaoalaatlc  baaaa.  Noallnaar  gecaMtrlc  affacta 
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are  Included  to  account  for  arbitrarily  large,  contraatad  with  Moderate- 
ly large,  deflectlona.  Presently,  the  program  la  gaarad  to  the  free  vi- 
bratory reaponae  of  cantilever  and  almply-aupportad  beams,  howaver,  It 
may  ba  conveniently  adapted  to  Include  other  boundary,  Initial  and  load- 
ing condltlona. 

Method:  The  analytical  baela  for  the  program  Is  the  generation  of  a system 

of  n nonlinear  aquations  of  motion  for  a lumped  parameter  beam  model  In 
which  elasticity  Is  concentratad  at  discrete  points  while  mass  remains 
distributed.  Numerical  Integration  Is  accomplished  using  the  4th  order 
Runga-Kutta  technique. 

Limitations:  None. 

Input:  Beam  geometric  and  material  properties,  boundary  conditions  (simply 
supported  or  damped),  the  number  of  degress  of  freedom  deaired,  the 
Initial  conditions  (Initial  displacement  end  velocity  values  for  n ele- 
menta),  the  time  atep  site  and  number  of  time  steps  to  ba  executed. 

Output:  Displacement  and  velocity  of  tha  beam  elements  as  a function  of  time. 

Language:  FORTRAN  IV  - 143  cards. 

Hardware:  WATFOR  - 30K 

Developer:  Dr.  Milton  0.  Crltchflald  Dr.  Jack  C.  Wiley 

Code  1735  John  Deere  & Company 

Naval  Ship  Research  and  Dev.  Center  Technical  Center 

Bethesda,  Maryland  20084  3300  River  Drive 

Molina,  Illinois  61265 

Availability:  Contact  developer.  The  program  Is  available  at  no  cost. 

Coasanta:  Running  time  Is  approximately  10  minutes  on  the  above  mentioned 

hardware  for  one  response  cycle  of  a beam  model  with  20  degrees  of  frae- 
dom.  Developed  as  Crltchfleld's  Fh.D.  thesis  [18], 


A-1437 


Date:  Developed  July  1968. 

Capability:  This  program  calculates  the  natural  uncoupled  modal  data  of  a non- 
uniform  branched  beam  In  transverse,  longitudinal  or  torsional  vibration. 
The  beam  may  be  constrained  by  an  elastic  foundation.  Secondary  affects 
of  rotary  Inertia  and  shear  deformation  may  also  be  Included. 

.lethod:  The  four  first  order  beam  aquations  are  Integrated  for  transverse 

vibrations.  The  two  first  order  beam  equations  are  Integrated  for  longi- 
tudinal or  torsional  vibrations. 

Limitations:  Each  end  of  the  beam  or  branch  nay  be  free,  fixed  or  partially 

constrained  with  respect  to  the  ground  or  to  the  main  member. 

Input:  Input  consists  of  necessary  physical  characteristics  of  the  structure 

and  definition  of  boundary  constraints. 

Output:  Natural  frequencies,  mode  shapes,  mode  alopea,  modal  forces  and 

moments,  and  generalised  mass. 

Language:  FORTRAN  IV. 

Hardware:  CDC  6000  series  equipment. 

Usage:  Uaed  primarily  to  calculate  the  nodal  characteristics  of  missiles  and 

launch  vehicles. 

Developer:  N.  A.  S.  A. 

Langley  Research  Center 
Hampton,  Va.  23665 

Availability:  Contact  Robert  B.  Davis  at  N.  A.  S.  A.  Langley  (Mall  Stop  317) 

regarding  availability. 


Natural  Frequencies 

Date:  Developed  1972. 

Capability:  Given  Information  about  beam  loading,  moment  of  Inertia,  and 

modulus  of  elasticity,  the  program  calculates  the  simple  beam  deflection 
for  each  Individual  load  and  determines  tha  natural  beam  frequency  from 
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theae  d«fl«ctlon»,  Beams  of  any  typt  Mtarlal  may  ba  analyiad  by  tha 
Input  of  propar  material  propartlaa.  Thia  program  will  calculate  tae 
natural  beam  frequency  for  almple  beama  only.  Input  loada  are  limited 
to  dead  loada  attached  to  the  beam. 

Method:  Sea  commanta 

Input:  Loading,  moment  of  Inertia,  and  modulue  of  elaatlclty  are  Input. 

Output:  Natural  frequenclea  and  deflactlone. 

Language:  FORTRAN  IV-G  compiler. 

Hardware:  IBM  360  OS. 

Developer:  Bill  Fracura  (713)  623-3011 

Dow  Engineering  Co. 

3636  Richmond  Avenue 
Houaton,  Texaa  77027 

Availability:  Batch  program  la  available  for  $330  from  developer. 

Commanta:  Method  of  analyala  la  baaed  on  "Vibration  Analytic  for  Structural 
Floor  Syatema,"  by  Lawrence  R.  Burkhardt,  ASCE,  October,  1961. 


Rotating,  Twitted  Beam 

Data:  Developed  1972. 

Capability:  Thia  program  daterminee  tha  natural  frequenclea  and  normal  modea 

of  a lumped  parameter  model  of  a rotating,  twitted  beam,  with  nonunlform 
mate  and  alaatlc  propertlea.  The  and  of  the  beam  near  the  center  of  ro- 
tation may  have  one  of  four  typea  of  boundary  condltlona  which  are  common 
to  helicopter  rotor  eyatama;  tha  outboard  end  her  aero  forcea  and  momenta, 
l.e.,  free  boundary  condltlona.  Sis  typea  of  notion  coupling  may  be  mod- 
eled: fully  coupled  toralonal-flatwlae-edgewlae  motion;  partially  coupled 

toralonal-f latwlae  motion  or  flatwlae-adgewlaa  motion;  and  uncoupled  tor- 
sional motion,  flatwise  motion,  or  edgewlae  motion.  Three  frequency 
aaarch  methods  have  bean  Implemented  Including  an  automated  search  tech- 
nique which  allows  tha  program  to  find  up  to  fifteen  lowest  natural  fre- 
quenclea without  the  necessity  for  Input  estimates  of  these  frequencies 
by  the  user. 

Method:  A modified  transfer  matrls  technique  It  applied  to  a lumped  parameter 
model  and  Iterative  proceduraa  utilised  to  obtain  the  roots  of  the  final 
governing  matrls  representing  the  system. 

Input:  Unknown. 

Output:  Natural  frequancles  and  normal  modea,  alao  the  nodes  shapes  corres- 
ponding to  a generalised  mats  of  unity  for  use  In  a blade  lose  type  of 
analysis. 

Language:  FORTRAN  IV. 

Hardware:  CDC  6000  ear  lee. 

Developer:  Rochester  Applied  Science  Assoc.,  Inc, 

140  Allans  Creek  Rd. 

Rochester,  Hew  York  14616 

Availability:  Batch  program  le  available  for  $330  from 

COSMIC:  Program  fLAX-11461 

Barrow  Hall 
University  of  Georgia 
Athens,  Georgia  30601 

Coamnte:  Input  does  not  require  a frequency  estimate  for  natural  frequencies. 
See  NASA-CR-112071  for  program  description. 
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CONCLUSION 

Table  1 contains  summaries  of  the  capabilities  of  several  bean  programs.  It 
should  provide  a quick  referet.ce  and  comparison  of  program  capabilities.  Sev- 
eral programa  Included  in  the  program  description  section  were  not  included  in 
the  table  because  too  little  information  was  available  regarding  their  capa- 
bilities. 

Many  of  the  programs  mentioned  are  very  poorly  documented  for  easy  usage. 
The  single  most  importsnt  feature  that  should  be  considered  in  software  se- 
lection, other  than  technical  capability,  should  be  the  ease  of  use  of  the 
software.  If  the  input  is  ambiguous  or  difficult  to  prepare,  many  valuable 
engineer  man-hours  are  wasted.  Programs  of  this  type  have  a questionable  use- 
fulness to  a practicing  engineer. 
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Piping  Systems 


C.  Visser  and  A.  J.  Motnar 
Westinghouse  Research  Laboratories 


INTRODUCTION 

The  demand  for  dynamic  analysis  of  piping  systema  Is  Increasing,  especially 
in  the  nuclear  pover  industry  where  great  emphasis  Is  placed  on  safety.  Both 
government  and  private  agencies  are  generating  specifications  for  the  testing 
and  structural  analysis  of  components  and  structures.  Seismic  disturbances 
and  hypothetical  accidents  such  as  instantaneous  pipe  breaks  are  a few  of  the 
conditions  which  must  be  dynamically  analyzed.  These  types  of  analyses 
involve  strong  ground  motions  for  seismic  analysis  and  large  transient 
forces  and  dlsplacemsnts  in  the  case  of  pipe  breaks.  As  a result  demands 
for  the  more  difficult  large  deformation,  large  strain,  elastic-plastic  and 
fluid-structure  interaction  analyses  are  becoming  more  common. 

The  assumptions  used  in  the  analysis  of  piping  Involve  the  deformations 
and  strain  distributions  in  pipes,  bends  (elbows),  and  tees.  These  components 
can  also  have  flanges  and  reinforcements  which  will  affect  the  deformations 
and  strain  distributions.  The  assumptions  commonly  used  for  strslght  pipes 
are  those  used  in  the  various  beam  theories.  A rigorous  analysis  of  bends 
and  tees  can  only  be  obtained  using  shall  or  three-dimensional  theory. 

With  the  present  state  of  the  art  a dynamic  analysis  of  shell  or  three 
dimensional  structural  models  is  very  costly.  Additional  assumptions  are, 
therefore,  used  for  bends  and  tees  in  order  to  reduce  the  three-dimensional 
problem  to  a reasonable  size. 

It  is  the  purpose  of  this  chapter  to  present  a survey  of  the  computer 
programs  which  are  applicable  for  the  shock  and  vibration  analysis  of  piping 
systema.  Efforts  are  mads  to  identify  the  methods  on  which  the  majority  of 
computer  programs  for  piping  analysis  era  based,  including  elastic-plastic 
behavior  and  large  deformations  and  strains.  The  discussion  of  these  methods 
is  limited  to  finite  element  techniques  and  the  finite  elements  used  for 
piping  analysis  are  briefly  described.  The  desirable  features  for  efficient 
and  economical  analysis  of  piping  systems  are  briefly  reviewed  followed  by  a 
description  of  computer  programs  currently  available  for  piping  analysis. 

Information  about  the  computer  programs  was  obtained  from  the  authors'  own 
knowledge  of  some  of  ths  programs  and  from  responses  to  detailed  question- 
naires by  users  and  developers.  Only  the  more  important  aspects  of  widely 
available  programs  will  be  summarized  to  avoid  the  use  of  large  detailed 
tables.  Available  addresses  and  phone  numbers  for  both  proprietary  and  non- 
proprietary dynamic  piping  program  developers  who  responded  are  also  given. 


NOMENCLATURE 

a,, a,  - Scalars  aultlplylng  mass  and  stiffness  matrices  respectively 
for  defining  proportional  damping  matrix 
[C]  - Viscous  damping  sutrlx 
(cj  - Uncoupled  modal  damping  matrix 
[C  ] ■ Condensed  damping  matrix 
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Generalized  modal  damping  coefficient  for  1th 
mode 

Nodal  earthquake  direction  vector 

Array  of  claatlc  coefficients  relating  Incremental 

elaatlc  strains  and  streaees 

Array  of  coefficients  relating  Incremental  plastic 

strains  snd  stresses 

Condenasd  nodal  forca  vector 

Element  forces  of  1th  element 

Applied  nodal  force  vector 

System  stiffness  matrix 

Condensed  stiffness  matrix 

Canaralizad  stiffness  for  the  ith  mode 

System  mass  matrix 

Condensed  mass  matrix 

Generalized  mass  of  the  ith  mode 

Total  number  of  degrees  of  freedom  in  the  system 

Plastic  matrix  for  defining  Incremental  pseudo- 

forces  from  incremental  plastic  strains 

Vector  of  normal  coordinates 

Normal  coordlnata  of  the  ith  mode 

Spectral  value  of  ecceleratlon  or  pseudo  acceleration 
Spectral  value  of  displacement  or  pseudo  displacement 
Spectral  value  of  velocity  or  pseudo  velocity 
Transfer  matrix 

Nodal  displacement  vector  of  the  total  system 
Nodal  acceleration  vector  with  respect  to  a fixed 
coordinate  system 

Nodal  acceleration  vector  of  ground  or  base 

Earthquake  ground  acceleration 

Displacement  vector  at  nAt 

Velocity  vector  at  nAt 

Acceleration  vector  at  nAt 

Relative  acceleration  vector 

Vector  of  retained  nodal  displacements 

Vector  of  eliminated  nodal  displacements 

Constant  used  in  Newark's  0-method 

Vector  of  incremental  strains 

Vector  of  Incremental  elastic  strains 

Vector  of  incremental  plastic  strains 

Incremental  pseudo-force  vector  calculated  from  the 

Incremental  plastic  strains 

Interval  of  time  integration 

Incremental  stress  vector 

Constant  used  in  Wilson's  0-method 

Eigenvalue  or  square  of  the  natural  frequency 

Nodal  damping  ratio  of  the  ith  node 

Nodal  matrix 

Eigenvector  or  1th  mode  shape 
Netursl  frequency  of  the  1th  node 


THEORETICAL  CONSIDERATIONS 

Host  of  the  computer  programs  for  the  dynamic  analysis  of  piping  systems  sre 
based  on  the  finite  element  method.  The  following  brief  discussion  of  the 
theory  used  in  the  development  of  dynsmic  piping  progrsaM  is,  therefore, 
reetrlcted  to  finite  element  formulations. 

The  governing  equetlona  of  notion  for  a finite  element  model  can  be 
expressed  in  matrix  fora  [1]  by 

IN]  {U>  + [C]  {4)  + (K)  (u)  - (f(t))  (1) 
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where  [M]  le  the  mass  matrix,  [C]  le  the  vlecoue  demplng  matrix,  [K]  Is  the 
etiffneae  matrix,  <u}  la  the  nodal  dleplacement  vector,  and  (f(t)}  Is  the 
applied  nodal  force  vector. 

In  many  finite  element  programs  two  typee  of  maae  matrlcee,  lumped  and 
conelatent,  are  available.  Lumped  maae  matrlcee  are  based  on  the  aaeumptlon 
that  the  mass  of  the  structure  Is  concentrated  at  those  nodal  points  at  which 
the  translational  degrees  of  freedom  era  defined.  The  lumped  masa  matrix  Is 
diagonal  and  the  mass  corresponding  to  a rotational  degree  of  freedom  is  zero. 
Conelatent  maae  matrlcee  [2]  are  evaluated  by  a procedure  which  is  elmllar  to 
that  uaed  In  the  formulation  of  the  stiffness  matrix.  The  consistent  mass 
matrix  Is  symmetrical  but  non-diagonal  and  has  non-zero  terms  associated  with 
the  rotational  degrees  of  freedom. 

The  damping  characteristics  of  a structure  are  generally  more  difficult 
to  determine  than  its  mass  or  stiffness.  In  most  practical  dynamic  analyses 
damping  Is  assumed  to  be  viscous  as  In  Eq.  (1)  since  this  leads  to  the  most 
convenient  mathematical  form  of  the  equations  of  motion. 

The  stiffness  matrix  [K]  can  have  different  forms  depending  on  the  type 
of  analysis  to  be  performed.  For  elastic  analysis  [KJ  is  symmetric  and 
generally  sparse,  additional  tarns  occur  If  the  structure  Is  prestressed  and 
the  Initial  etresaea  must  be  taken  into  account.  Depending  on  the  method 
used  In  elastic-plastic  analysis  the  stiffness  matrix  can  have  additional 
terms  due  to  plasticity;  this  will  be  dlscusaed  below.  Large  deformations 
and  strains  also  require  modifications  In  the  stiffness  matrix. 


Linaar  Analysis 

In  the  small  deformation  analyels  of  elastic  structures,  the  [M],  [C], 
and  [K]  matrices  of  Eq.  (1)  are  symmetric  and  generally  sparse.  These  proper- 
ties can  be  uaed  to  advantage  In  computer  programs  to  reduce  storage  require- 
ments. For  large  structures,  however,  long  computing  times  are  required  for 
solving  dynsmic  problems.  This  has  lad  to  the  development  of  condensation 
methods  to  reduce  the  dynamic  degrees  of  freedom  of  a model.  Two  condensation 
methods  are  used.  1)  Static  condensation  eliminates  from  the  stiffness  matrix 
the  unwanted  degrees  of  freedom  associated  with  zero  maae.  The  method  assumes 
that  no  damping  la  aaaoclatad  with  those  degrees  of  freedom  which  have  zero 
mass.  2)  Guyan  reduction  [3]  Is  a more  generel  method  of  condansetlon  and 
will  be  discussed  below  In  somewhat  greater  detail.  The  equetlon  of  motion 
(1)  can  be  written  In  partitioned  form 


where  (u^)  represents  the  vector  of  nodal  displacements  which  are  to  be 
retained  and  {u2 ) la  the  corresponding  vector  of  displacements  which  are  to  be 
eliminated  from  the  system  of  equations.  The  superscript  T denotes  tbs  trans- 
pose of  a vector  or  matrix.  Guyan  reduction  assumes  that  Eq.  (2)  is  to  bs 
solved  subject  to  the  constraint 


(u2)  - -IKjjJ"1  (K121T  <«!>  - mi2)  (ux)  (3) 

where  the  superscript  -1  denotes  the  Inverse  of  a square  matrix.  This  results 
in  the  following  reduced  set  of  equations 
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[HcJ  {Ux)  + [Cj  + [Kc]  {ux)  - (fc)  (4) 

where  [Mc]  - [Mu  + M12  H12  + H12  M12  + H12  M22  H12J 

ICc]  - [cu  ♦ c12  h12  + hJ  cj  + hJ  c22  h12] 

[Kc]  - IKU  + H12] 

<fe>  - {fx(t)}  ♦ [h12jt  {f2(t)> 


Condensation  method!  generally  work  well  for  practical  problems  provided 
the  larger  masses  are  Included  In  the  reduced  modal  and  the  retained  degrees 
of  freedom  are  uniformly  distributed. 

Two  methods  are  used  in  tha  transient  analysis  of  structural  systems, 
namely,  1)  direct  integration  and,  2)  mode  superposition.  Condensation  of  tha 
dynamic  degrees  of  freedom  can  be  used  with  both  methods. 


Direct  Integration  Methods 


Direct  integration  methods  are  based  on  stap-by-step  Integration  of  tha 
coupled  equations  of  motion  represented  by  Eqs.  (1)  or  (4).  These  methods 
generally  use  difference  formulas  relating  the  nodal  displacements,  velocities, 
and  accelerations.  Two  methods  are  In  use  for  time  Integration  of  dynamic 
equations:  implicit  Integration  and  explicit  integration.  The  following 

discussion  will  be  restricted  to  finite  element  programs,  which  most  commonly 
use  implicit  Integration.  Several  time  Integration  formulas  [4]  are  avail- 
able, such  aa  Newmark's  3 -method  [5],  Wilson's  9-method  [6],  and  Houbolt's 
method  [7]. 

Newmark's  3-method  Is  used  In  several  large  general  purpose  computer 
codea  and  will  ba  briefly  discussed  balow. 

The  application  of  tha  Newmark  8-method  in  finite  element  programs  usually 
takes  the  fora  described  by  Chan,  et  al.  [8].  In  Newmark's  method  the  velocity 
and  displacement  vectors  at  time  tjj+i  are  expressed  by 


" (un>  + At  {un}  * (1-8)  it2  (un)  + 8 it2  {ii^} 


(5) 


where  {un} , (un),  and  (Uq)  are  respectively  the  nodal  displacement,  velocity, 
and  acceleration  vectors  at  the  end  of  the  nth  time  interval,  At  is  the  time 
interval,  and  8 la  a parameter.  Tha  value  of  8 can  vary  and  affects  the  sta- 
bility of  the  step-by-stsp  Integration. 

Combining  Eq.  (1)  al  times  tn-l  ■ (n-1)  At,  tn  “ n At,  and  t^j  ■ (n+1)  At 
with  Eq.  (S)  the  following  equation  la  derived  (8) 

» 
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^2M+2hC  + 8KJ{Vl)  -e{£n-l)+  (1'26> 

*[fi «-<«•>«] 


Equation  (6)  la  a sat  of  simultaneous  equations  that  Is  equivalent  to  the 
simultaneous  differential  aquations  of  motion  represented  by  Eq.  (1).  Once 
the  displacement  vectors  are  known  the  velocity  and  acceleration  vectors  can 
be  obtained  from  Eqa.  (5) . The  direct  method  la  particularly  useful  when  non- 
linear material  behavior  and  larga  deformations  and  strains  must  be  taken  Into 
account. 


<V  ♦ 8 < w 


■] 


(6) 
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Mode  Superposition 

In  mode  superposition  the  physical  dorses  of  freedom  of  the  structural  model 
are  replaced  by  its  normal  coordinataa.  In  order  to  accomplish  this  the 
natural  fraquenciaa  and  mode  shapes  of  the  undamped  model  are  flrat  determined. 
The  eigenvalues  Ij.  of  the  equation 


[K  - \ Mj  (u)  - (0) 


(7) 


are  the  squares  of  the  natural  frequencies  and  the  corresponding  eigenvectors 
{4l>  repreaent  the  mode  shapes.  Several  methods  are  used  to  compute  the 
eigenvalues  of  structural  syatama,  such  as  Householder's,  Given's,  Jacobi's, 
Inverse  power  with  shift,  etc.  {9].  Several  of  these  methods  such  as  House- 
holder's, Given's,  and  Jacobi's  will  obtain  all  the  eigenvalues  of  the  system 
and  are  often  used  in  combination  vlth  a condensation  procedure,  while  other 
methods  such  as  inverse  power  with  shifts  are  suitable  to  obtain  a limited 
number  of  eigenvalues  and  are. usually  employed  for  problems  with  a largs  num- 
ber of  degrees  of  freedom  or  whars  accurate  higher  frequencies  are  required. 

Another  procedure  commonly  used  to  determine  tha  natural  frequencies  and 
mode  shapes  of  so  called  "chain  structures"  is  the  trensfer  matrix  technique 
[10]  which  evolved  from  methods  described  by  H.  Holser  and  later  by  N.  0. 
Hykleetad.  For  a pipe  element  the  transfer  matrix  [T^]  between  nodes  1 and  j 
relates  tha  displacements  and  forces  at  nods  j to  those  of  node  1 


where  {u^}  and  {uj } are  the  generalised  nodal  displacement  vectors  for  nodes  1 
and  j respectively  and  (fei)  and  Us]}  are  the  nodal  force  vectors  of  nodes  i 
and  j respectively.  Successive  multiplication  of  the  transfer  matrix  for  each 
element  until  all  elements  are  Included  yield*  for  the  entire  structure, 


(TJ---[T2J  [T^ 


(9) 


where  the  subscript  o denotes  tha  first  node,  and  s denotes  tha  last  node 
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of  the  eye  ten, 

Applicetion  of  the  boundary  conditione  to  Eq.  (9)  leede  to  u polynomial 
or  tranacendental  expreaalon  from  which  the  natural  frequencies,  can  be 
obtained.  Repeated  application  of  Eq.  (9)  i « 1,  2...  etc.  with  u ■ yields 
the  mode  ehapea  and  nodal  forces  for  m modes. 

Transfer  matrix  techniques  are  beat  suited  to  "chain  structures"  with  a 
limited  number  of  branches,  thus  they  are  generally  applicable  to  piping  system 
analysis. 

Once  the  eigenvalues  and  eigenvectors  of  the  system  are  known  the  equa- 
tions of  motion  can  be  uncoupled.  For  this  purpose  the  mode  shape  matrix 


[♦1  - U2}---Ub>] 


(10) 


la  formed,  where  the  {^i),  i • 1,  2,  — m, are  the  eigenvectors  corresponding 
to  the  eigenvalues  X±. 

In  many  cases  tha  number  of  modes  m retained  in  Eq.  (10)  is  considerably 
smaller  than  the  number  of  degrees  of  freedom  N in  the  eystem.  The  matrix 
[•]  ia  generally  an  Nxm  matrix  with  m <_  N.  In  mode  superposition  the  follow- 
ing transformation  ia  introduced 


(u)  - [*]  (q)  (11) 


where  (q)  is  a vector  of  m generalised  displacements  called  the  normal 
coordinates.  When  Eq.  (11)  is  substituted  into  Eqs.  (1)  or  (4)  the  following 
equations  are  obtained 


[R]  («J)  + (8)  (4)  + [RJ  (q)  - (I(t>> 

where  [M]  ■ [»]T  [M]  [*1 

[8]  - 1*1*  tej  (•] 

Ik]  - I«]T  IK]  [•) 

(!(t))  - [*]T  (f(t)> 


(ID 


(13) 


Due  to  the  orthogonality  of  the  eigenvector*  the  matrices  [R]  and  (R]  are 
diagonal.  In  practical  problems  it  is  usually  assisted  that  [8]  is  also  diagonal 
an  assumption  which  can  be  shown  to  hold  if  the  damping  isatrlx  is  proportional 
to  the  mas*  and/or  tha  stiffness  matrix1,  that  is. 


IC]  - a^lMj  + *2ikj 


(1*) 


In  this  cate,  Eq.  (12)  nay  be  written  as  m uncoupled  equations 


'More  general  combination,  of  [M]  and  [K]  exist  which  will  yield  s 
diagonal  matrix  [8]. 

t 
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m.q.  + c.q.  + k q,  - f,(t),  1 - 1,2, , m 

11  11  11  \ , (15) 

or  $1  + 2 «i“i4i  + "i  1l  ‘ fi<l> 

1 

i 

c< 

where  (,  » -r la  tha  camping  ratio 

i 2 

and  la  tha  natural  frequency 


The  aolutlon  of  Eq.  (15)  will  yield  tha  normal  coordinates  and  the 
phyalcal  dleplacements  (u),  velocities  (u),  and  accelerations  (U)  can  be  found 
using  the  transformation  of  Eq.  (11). 

In  cases  where  the  dynamic  response  can  be  represented  by  a limited  num- 
ber of  modes,  tha  mode  suparposlton  method  is  clearly  economical.  This  depends 
on  the  frequency  content  of  the  loading  and  the  dynamic  characteristics  of  the 
structure.  In  general  the  largest  computational  effort  is  required  to  deter- 
mine the  eigenvalues  of  the  system. 

j 

Nonlinear  Analysis 


I 


There  are  several  nonlinear  types  of  analysis  in  use  for  piping  systems,  such 
as  nonlinear  material  behavior,  large  deformations  and  strains,  and  contact 
problems  involving  gaps  (bumpers)  and  friction.  Two  methods  are  used  to  deal 
with  nonlinear ltles;  the  variable  stiffness  method  in  which  the  stiffness  of  the 
the  structural  model  is  continually  modified  to  take  the  nonlinear  effects 
into  account,  and  the  pseudo-force  or  constant  stiffness  method  In  which  the 
nonlinear  effects  are  treated  as  pseudo-forcsa. 

Nonlinear  dynamic  analysis  is  usually  based  on  the  direct  Integration 
method.  The  mode  superposition  method  is,  to  our  knowledge,  only  used  In  con- 
tact problems  by  treating  the  nonlinear  contact  and  friction  forces  as  pseudo- 
forces. 

To  explain  tha  two  methods,  considsr  a contact  problem  that  often  occurs 
in  piping  systems,  namely  when  bumpers  era  used.  In  such  problems,  the  computer 
program  will  monitor  tha  displacements  of  tha  nodal  points  at  tha  bumper.  When 
tha  dlsplacamenta  indicate  that  the  initial  gap  betvean  the  nodal  points  at  the 
bumper  has  disappeared,  a fictitious  stiff  spring  is  inserted  between  the  nodes. 
In  tha  pseudo-force  method,  tha  overlap  of  the  nodes  at  the  bumper  is  used  to 
compute  tha  pseudo-force  required  to  decrease  tha  overlap.  In  the  variable 
stiffness  method,  the  spring  stiffness  is  added  to  the  total  stiffness  matrix 
of  the  etructural  model,  and  the  computations  are  continued  with  the  new  stiff- 
ness matrix.  Whan  the  displacements  of  the  nodes  at  the  bumper  indicate  that 
the  gap  la  opening  up,  tha  spring  stlffnsss  is  set  to  sero.  In  the  pseudo- 
force method,  this  will  remove  the  pssudo-force  from  the  right  hand  side  of  the 
equations,  while  in  the  variable  stiffness  method,  the  spring  stiffness  is 
removed  from  the  total  stiffness  matrix.  Friction  Is  usually  treated  by  means 
of  the  pseudo-force  method.  The  pseudo-force  method  allovs  the  use  of  modal 
superposition  sines  with  this  method  the  nonlinearities  appear  on  the  right 
side  of  the  equations  of  motion. 

Elastic-plastic  procedures  in  finite  element  computer  programs  are  based 
on  a yield  condition,  a flow  rule,  and  a hardening  rule.  The  most  comonly 
used  procedures  include  the  yield  condition  of  Von  Hlses  and  the  associated 
flow  rule,  the  Prandtl-Reuss  equations.  Several  hardening  rules  have  been 
developed  [11],  however,  isotropic  hardening  and  kinematic  hardening  are  tha 
rules  used  most  in  finite  element  programs.  For  dynamic  analysis  the  defor- 
mation theory  of  plasticity  is  not  applicable  and  the  incremental  theory  must 
be  used.  In  this  theory  the  increments  of  strain  are  separated  into  elastic 
and  plastic  parts 
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{Ac}  - (Ae#)  + { Acp } (16) 

where  (Ac)  Is  the  vector  of  incremental  strains, 

(Ace)  i»  the  vector  of  the  eleitlc  pert  of  {At},  end 

(Aep}  le  the  vector  of  the  plestic  part  of  (Ac). 

For  conetent  temperature*  the  Prandtl-Reuss  equations  (or  other  suitable 
flow  rule)  combined  with  the  hardening  rule  will  yield  an  expression  between 
the  incremental  plestic  strain  end  Incremental  stress 


(At  ) - IEJ  (Ao)  (17) 

P P 

where  [Ep]  Is  the  material  matrix  which  is  baaed  on  the  current  state  of  stress 
and  hardening  of  the  material. 

For  Isothermal  conditions,  generalized  Hooke's  Law  gives  a relationship 
between  the  Incremental  elastic  strains  and  straeses 


(Ac  } - [E  J (Ao)  (18) 

a e 

j 

where  [Ee]  is  an  array  of  the  elastic  coefficients. 

Combining  Eqs,  (17)  and  (18)  with  Eq.  (16)  gives  a relation  between  the 
Increments  of  stress  and  strain. 

j 

(Ae)  - [E  + E J (Ao)  - [E  l (Ao)  (19) 

a p ep 

| 

In  the  variable  stiffness  method  (in  elastic-plastic  analysis  also 
referred  to  as  the  tangent  modulus  rnethod),  the  element  stiffness  matrices  are 
formed  using  [Eap]~l  for  each  new  increment  of  loading,  and  thus  depend  on  the 
state  of  stress  and  hardening  at  the  beginning  of  each  Increment. 

In  the  pseudo-force  method  the  elastic  stiffness  matrices  are  formed 
using  Eq.  (18).  The  pseudo-force  vectors  csn  be  obtained  by  two  methods: 
the  initial  strain  method  [12]  which  uses  the  known  incremental  plastic 
strains  at  the  and  of  tha  previous  increment , and  the  Initial  stress  method 
[13]  which  uses  ths  known  Incremental  stresses  at  the  and  of  the  previous 
lncremeul. 

For  a constant  strain  element  the  incremental  pseudo-force  vector  based 
on  the  Initial  strains  is  given  by 


(Af  } - [P]  (Ae)  (20) 

ps  p 

where  the  plastic  matrix  [F]  Is  formed  using  the  Incremental  stress-plastic 
strain  relation  of  Eq.  (17),  and  (Atp)  Is  the  vector  of  known  plastic  strains. 
If  tha  strains  are  varying  on  tha  element,  the  element  pseudo-force  vector  Is 
obtained  by  numerical  integration. 

By  combining  Eq.  (20)  with  Eq.  (17)  ths  element  pseudo-force  vector  Is 
obtained  in  tsrms  of  the  known  Initial  stresees 


(Af  ) - [F]  [E  J (Ao)  (21) 

ps  p 

The  total  pseudo-force  vector  Is  obtained  by  adding  tha  contributions  of 
all  elements.  Tha  pseudo-force  method  hat  the  advantage  that  the  stiffness 
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matrix  stays  conatant.  However,  the  paeudo-force  method  can  lead  to  consider- 
able  deviation  or  drift  from  the  atreaa-atraln  curve.  This  can  be  Improved  by 
taking  email  increments  or  by  iteration  during  an  Increment  to  Improve  the 
pseudt-force  vector.  The  Influence  of  temperature  on  the  material  properties, 
such  aa  the  modulus  of  elasticity  and  yield  stress,  can  also  be  taken  into 
account  In  elastic-plastic  analysis  and  has  been  Incorporated  into  several 
computer  codes.  For  dynamic  analysts  the  strain  rate  effects  may  influence 
the  results  both  in  elastic  and  elastic-plastic  analysis.  These  effects  have 
not  been  Incorporated  in  most  computer  programs. 

The  dynamic  analysis  of  piping  systems  with  large  deformations  and  strains 
Is  fsaslbla  with  a number  of  currently  available  computer  programs.  As  in 
elsstlc-plastic  analysis,  tha  equations  are  linearized  and  the  solution  la 
obtained  by  an  Incremental  procedure  [14],  which  can  be  conveniently  combined 
with  the  stsp-by-stap  time  integration  for  dynamic  analysis. 

Two  methods  are  in  use  for  incremental  large  deformation  and  strain 
analysis:  the  reference  configuration  is  the  undeformad  configuration  of 

the  structure  (Lagranglan  formulation),  and  the  deformed  configuration  at 
the  end  of  the  previous  lncrsmant  is  the  reference  configuration  (Eulsrlan 
formulation)  [IS].  In  tha  finite  element  method  both  methods  lead  to  additional 
terms  in  the  stiffness  matrix.  For  example,  in  the  Lagranglan  formulation 
[16,17]  at  leaat  two  additional  stiffness  matrices  must  be  formed  and  added  to 
tha  usual  stiffness  matrix  used  in  small  deformation  analysis:  1)  the  initial 

stress  stiffness  matrix  which  takas  the  affect  of  the  initial  stresses  at  tha 
beginning  of  tha  increment  into  account,  2)  the  initial  displacement  matrix 
which  represents  tha  Influence  on  tha  stiffness  of  the  displacements  at  tha 
end  of  the  previous  increment,  and  3)  the  loading  matrix  is  added  to  the  stiff- 
ness matrix  if  the  loading  depends  on  the  deformations  of  the  structure.  The 
load  vectore  are  also  changed  in  these  procedures  to  take  the  effects  of  large 
deformations  into  account. 

Considerable  experience  is  requlrsd  to  csrry  out  a dynamic  analysis  with 
plasticity  and  largs  deformations.  The  choice  of  the  time  step  At  in  the 
direct  time  integration  must  be  governed  not  only  by  the  dynamic  characteris- 
tics of  the  structure  and  frequency  content  of  the  load  but  aleo  by  the  magni- 
tude of  the  incremental  loads  Reformations,  and  the  elastic  and  plastic 
strains  which  will  result. 


Seismic  Analysis 

Seismic  analysis  of  structures  is  concerned  with  the  dynamic  response  of 
structures  due  to  strong  ground  motions  caused  by  esrthquakes.  In  finite 
element  analysis  the  nodal  accelerations  are  usually  expressed  as  follows: 


(ut)  - {Ur)  + (Ug>  (22) 

where  (Ua)  is  tha  nodal  acceleration  vector  with  respect  to  a fixed  coordinate 

ayatem, 

(Ug)  is  the  nodal  earthquake  ground  acceleration  vector,  and 
<Ur)  is  the  relative  nodal  acceleration  vector. 

Combining  Eq.  (22)  with  Eq.  (1)  gives 


[MJ  (Ur)  + [C]  (dr)  + [K]  (ur)  - -[M]  (Ug>  (23) 

Tha  vector  on  tha  right  hand  side  of  Eq.  (23)  represents  tha  known  forces 
caused  by  the  ground  notion. 

The  above  formulation  has  the  disadvantage  that  only  one  known  accelera- 
tion, (Ug  },  can  be  applied  to  the  structure.  In  the  analysis  of  piping  systems 
it  is  sometimes  desirable  to  apply  two  or  more  known  accelerations  to  the  sys- 
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tern.  For  example,  where  a piping  ayatam  la  attached  to  different  polnta  of  one 
or  more  atructurea  which  are  aubjactad  to  an  earthquake  ground  acceleration, 
tha  pointa  of  attachment  will  generally  have  different  acceleration . For 
thoaa  caaaa,  tha  aquation*  of  aiotlona  can  ba  axpraaaad  in  terma  of  the  absolute 
dlaplacaoanta , which  yields 


[M]  (u  } + [CJ  (u  ) + [K]  (u  ) - [C]  {u  > + [K]  (u.)  (2*) 

* • * 8 g 

Host  of  tha  available  computer  codas  ara  baaed  on  the  formulation  of 
Eq.  (23).  Tha  raaaon  for  this  is  that  Eq.  (23)  is  suitable  for  most  struc- 
ture*, such  as  buildings,  and  is  simpler  to  program  than  Eq.  (24).  In  addi- 
tion, tha  earthquake  motions  generally  are  represented  in  terms  of  the  ground 
accelerations . 

In  seismic  analysis  of  piping  systems  two  methods  are  usedi 

1.  transient  response,  which  will  obtain  the  time  history  of  the  struc- 
tural reaponaa.  This  type  of  analysis  can  be  made  by  modal  superposition  or 
direct  time  integration. 

2.  tha  reaponaa  spectrum  method  which  uses  the  normal  modes  of  the  struc- 
tural modal  and  is,  therefore,  restricted  to  linearly  elastic  behavior. 

Tha  first  method  as  It  generally  applies  to  transient  response  analysis 
has  been  described  above. 

In  tha  response  spectrum  method  tha  natural  frequencies  and  mode  shape* 
of  the  structural  modal  ara  first  determined.  Using  the  mods  shapes,  tha 
equations  of  motions  (Xq.  (2))  ara  uncoupled,  resulting  In  m uncoupled  aqua- 
tions similar  to  Eq.  (15). 

qt  + 2 ^ ut  ^ qt  - (♦1;T  [M]  (d)  ug  (25) 

where  {^}  is  tha  eigenvector  (mods  shape)  corresponding  to  tha  1th  natural 
frequency  ug,  (fig)  ■ (d)  ug, 

{ d } is  tha  nodal  earthquake  direction  vector,  the  components  of 
which  are  numbers  ranging  from  aero  to  one,  and 
tig  is  the  earthquake  ground  acceleration. 

Tha  solution  of  Eq.  (25)  can  be  written  in  terms  of  the  luhamel  integral 


where  tha  undamped  frequency  has  bean  used  instead  of  the  damped  value  [18]. 
Equation  (26)  shows  that  the  response  of  the  1th  normal  mode  depends  on  the 
natural  frequency  ui,  the  damping  ratio  Cg,  and  the  ground  acceleration  Ug. 
The  spectral  value  of  the  velocity  relative  to  ground  le  defined  by  the  maxi- 
mum value  of  the  Integral  of  Eq.  (26),  that  is. 
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Th«  pieudo  values  of  tha  displacement  and  accalaratlon  relative  to  ground 
are  defined  by 


S 

*1 


u.  S 
1 v. 


(28) 


A plot  of  the  maximum  raaponsa  (displacement,  velocity,  or  acceleration)  for  a 
given  earthquake  ground  motion  iig  and  a glvan  damping  ratio  against  the  natural 
fraquency  of  vibration  uu  la  called  a reaponea  spectrum.  A typical  example 
la  shown  In  Fig.  1. 


Fig.  1 Vertical  design  raaponsa  spectra-scaled  to  lg  horlaontal  ground  accel- 
eration (from  U.S.A.E.C.  regulatory  guide  1.60) 
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The  maximum  normal  coordinate  dlaplacement  of  the  1th  mode  le  according 
to  E<|s.  (26)  and  (27)  given  by 


ut)  [Ml  (d) 

Yi 


(29) 


The  maximum  values  of  the  physical  nodal  displacements  corresponding  to 
are  obtained  from  m*x 


(uh 


■ Ut)  qt 


(30) 


An  estimate  of  the  maximum  response  of  the  structure  can  be  computed  by 
three  methods: 

1.  The  maximum  response  Is  computed  as  the  sum  of  the  absolute  values 
for  all  modes  of  Eq.  (30) 


(u) 


(31) 


This  value  Is  conservative  since  the  maximum  values  usually  do  not  occur  at 
the  soma  time. 

2.  A better  estimate  of  the  maximal  response  Is  glvan  by  a root  mean 
square  (RMS)  approximation,  that  Is,  the  values  of  the  components  of  {u}|B>x 
are  given  by 


u 


r 


r-1, — ,N 


(32) 


where  N Is  the  number  of  degrees  of  freedom  In  the  system.  The  stresses  and 
other  response  values  are  also  obtained  by  the  RMS  approximation  procedure. 

3.  Another  method  for  estimating  the  maximum  response  Is  called  the  NRL 
sum  which  was  developed  by  the  Naval  Research  Laboratories.  The  peak  response 
at  node  r le  defined  by 


where  urjmax.max  la  the  maximum  of  the  urlmax  modal  contributions  at  r and  urj 
le  excluded  from  the  summation.  The  NRL  sum  gives  results  vhich  are  less 
then  the  absolute  sur  of  Eq.  (31)  and  greater  than  the  RMS  values  from 
Eq.  (32). 
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FINITE  ELEMENTS  FOR  PIPING  ANALYSIS 

The  dynamic  analyaia  of  piping  ays terns  with  the  finite  element  method  requires 
a library  of  finite  element*.  The  extent  of  a library  varies  with  the  program 
but  the  following  elements  are  common  to  most  programs: 

1.  Straight  pipe  elements  with  constant  thin  walled  circular  cross 
section.  The  formulation  of  thesu  elements  la  based  on  beam  theory  and  usually 
takes  shear  deformations  into  account. 

2.  Straight  taparad  pipe  elements.  These  elements  have  a straight  center- 
line  but  the  radius  of  the  cross-section  varies  linearly  along  its  length. 

The  formulation  of  the  stiffness  and  load  vectors  are  based  or.  beam  theory. 

3.  Beam  elements.  These  elements  are  usually  straight  and  can  have 
cross-sections  other  than  thoaa  of  pipes. 

4.  Elbow  elements.  This  type  of  element  is  essential  in  most  piping 
analyses.  Most  elbow  elements  available  ara  based  on  smooth  elbows.  The 
theory  for  this  element  is  more  difficult  than  for  the  other  elements.  This 
is  due  to  the  fact  that  the  cross-aactlon  of  thin  walled  pipes  will  deform 
due  to  banding,  This  makes  an  elbow  more  flexible  than  predicted  by  beam 
theory  [19]  and  also  causes  ths  stresses  to  be  higher  than  computed  by  beam 
theory.  The  ANSI  Standard  Coda  for  Pressure  Piping2  gives  flexibility  and 
stress  intensification  (concentration)  factors  for  smooth  and  mitered  bands. 

The  flexibility  factor  is  defined  as  the  ratio  of  angular  displacement  of  a 
pipe  bend  and  that  of  a straight  pipe  subjected  to  the  same  and  moment.  The 
stress  intensification  factor  is  defined  as  the  ratio  of  maximum  stress  in  a 
bend  and  that  in  a straight  pipe  under  the  same  load.  The  flexibility  factor 
can  be  taken  into  account  in  the  stiffness  matrix  of  the  elbow  [20].  The 
flexibility  and  stress  intensification  factors  whan  taken  into  account  in  a 
piping  analysis  program  give  reasonable  results  for  most  linearly  elastic 
problems.  However,  the  method  is  unsatisfactory  for  elastic-plastic  and  large 
deformation  analyals.  Marcel  developed  a method  based  on  axlsymmetrlc  shell 
elements  with  additional  banding  and  stretching  added  [21,22],  A good  list  of 
references  and  several  papers  dealing  with  pipe  elbows  may  be  found  in  [23]. 

5.  Tee-elemanta.  Tees  with  or  without  reinforcing  are  used  in  piping 
systeme.  The  ANSI  piping  cods  provides  flexibility  and  streas  intensification 
factors  for  several  types  of  tees.  Very  few  computer  r'08r*°a  have  suitable 
elements  to  handle  teas,  in  most  programs  they  can  only  be  modeled  aa  inter- 
secting beams  ignoring  the  added  flexibility  inherent  in  a piping  tee. 

6.  Spring  elements.  That*  elements  are  required  to  model  hangers,  cable 
supports,  etc.  In  the  case  where  no  compressive  forces  can  be  supported  by 
the  structural  member  a nonlinear  spring  is  required.  The  analysis  will  then 
also  be  nonlinear. 

7.  Gap  and  friction  elements.  These  elements  are  needed  at  locations 
where  email  initial  gaps  must  be  modeled  for  thermal  growth  and  friction  where 
sliding  between  the  pipe  elements  and  the  support  structure  can  occur.  Both 
contact  and  friction  require  nonlinear  analysis  techniques. 

8.  Mass  elasMnta.  These  elements  are  needed  to  model  large  masses  which 
oust  be  taken  into  account  in  the  analysis. 

9.  Shell  and  three-dimensional  elements.  With  the  present  stste  of  the 
art  detailed  stresses  in  elbows  and  tees  can  only  be  obtained  by  carrying  out 
a complete  shell  or  three-dimensional  analysis.  This  is  particularly  true  if 
elastic-plastic  behavior  must  be  taken  into  account.  This  type  of  analysis  is 
usually  carried  out  independently  of  the  piping  analysis. 


PIPING  ANALYSIS  COMPUTER  PROCRAMS 

A considerable  number  of  computer  programs  have  been  developed  for  piping 
analysis.  There  ara  essentially  two  types  of  programs  available,  (1)  special 


2 The  analysis  of  nuclear  piping  systems  is  governed  by  ths  ASME  Boiler 
and  Pressure  Vessel  Coda,  Section  III,  Nuclear  Power  Plant  Components. 
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program*  for  piping  analysis,  and  (2)  gunaral  purpoa*  program*  that  can  handle 
the  analyai*  of  many  dlffarant  typaa  of  atruceura*  Including  piping  ayatam*. 

In  an  evaluation  of  computer  codaa  for  piping  ayatam*  there  are  a number 
of  featurea  which  are  desirable  for  affldant  and  economical  analyala: 

1.  Reatart  capability.  A raatart  capability  la  dealrable  for  dynamic, 
elastic-plastic,  and  large  deformation  analysis.  In  modal  analysis  the  eigen- 
values and  eigenvector*  are  usually  examined  before  the  transient  response  or 
response  spectrum  analysis  1*  carried  out.  If  th*  examination  shows  that  more 
eigenvalues  ar*  required  a reatart  capability  allows  these  to  be  computed  with- 
out recalculating  those  already  obtained.  In  any  Incremental  analyala  It  Is 
Important  to  be  able  to  examine  the  results  at  certain  time  Intervals.  With 

a reatart  capability  th*  analysis  can  then  be  continued  If  the  Intermediate 
results  are  considered  correct. 

2.  User  oriented  Input  and  output.  Th*  ease  with  which  the  user  can 
apply  a computer  program  to  his  analysis  problem  la  an  Important  consideration 
In  the  selection  of  a program.  Special  purpose  programs  are  usually  easier  to 
use  than  the  general  purpoa*  programs  alnca  tha  user  does  not  have  to  consider 
the  many  different  capabilities  available  to  him  In  th*  latter  programs.  The 
uaer  documentation  la  vary  Important  as  far  as  the  ease  of  use  of  a program  la 
concerned. 

3.  Documentation.  Tha  docusMntatlon  la  a weak  point  with  most  computer 

programs.  Ideally  the  documentation  should  conalat  of:  (a)  Uaer  Manuel  with 

examples  illustrating  th*  use  of  th*  manual,  (b)  Theoretical  Manual  including 
derivation  of  matrices  and  vectors.  Tha  limitations  of  tha  aeeumptlons  made 
In  th*  theory  should  be  pointed  out.  (c)  Verification  Manual.  Verification 
of  tha  capabilities  of  a computer  program  Is  essential  to  assure  correct 
results.  Verification  should  consist  of  coaiparlng  tha  program  results  with 
those  obtained  with  exact  solutions,  experimental  results,  other  numerlcsl 
procedures  (such  as  finite  differences),  and  other  finite  element  computer 
programs.  In  ths  authors’  opinion,  many  of  th*  available  computer  programs 
have  not  been  adequately  verified,  (d)  Programmers  Manual.  For  those  programs 
In  the  public  domain  a manual  which  describes  the  organization  of  tha  program 
and  Its  overlays,  subroutines,  and  functions  Is  very  desirable. 

4.  Pra-  and  poatprocasaor*.  Preprocessors  are  computer  programs  that  can 
be  used  to  generate  th*  finite  element  Input  for  two-  and  three-dimensional 
problems.  Postprocessors  are  computer  programs  that  can  be  ured  to  organise 
th*  output  in  such  a form  that  the  user  can  easily  digest  ths  data  gsnsratad 
by  the  computer. 

Efficient  pra-  and  postprocessors  usually  have  extensive  plotting  capa- 
bilities to  graphically  display  th*  Input  and  output. 

Interactive  graphics  hardware  now  axlat  which  permit  the  Interaction 
between  user  and  computer  In  rsal  time  for  the  generation  of  Input  data  and  the 
checking  of  output  results. 

5.  Cod*  requirements.  An  important  factor  In  the  choice  of  a piping 
analysis  program  la  whether  th*  program  capabilities  satisfy  tha  requirements 
of  the  piping  codes  with  regard  to  ths  treatment  of  elbows  and  tees.  Ths 
stress  output  should  preferably  ba  In  tha  mannar  specified  by  tha  code,  this 
can  to  a large  extent  be  accomplished  by  a postprocessor  program. 

6.  Condensation  and  aubs true turns.  For  elastic  problems  a capability  to 
reduce  th*  dynamic  degree*  of  freedom  by  condensation  la  vary  desirable  for 
reason*  of  economy. 

For  very  large  problems  a subatructurlng  capability  can  result  In  a con- 
siderable reduction  In  the  cost  of  th*  analysis.  For  modal  analysi*  the 
ability  to  combine  condensation  with  substructuring  la  desirable,  that  is,  th* 
dynamic  degrees  of  freedom  for  each  substructure  are  reduced  before  th*  eigen- 
value* of  th*  total  structure  ar*  determined.  Th*  ability  to  handle  repeated 
substructures  Is  also  a desirable  feature.  Composite  mods  synthesis  has  not 
been  used  extensively  for  large  structural  problem*. 

Th*  following  description*  ar*  of  programs  that  ar*  widely  available. 
Proprietary  programs  that  ar*  only  used  In  th*  developer*  organisation  have 
not  been  Included.  Some  of  th*  programs  listed  are  In  the  public  domain, 
others  must  be  purchased  or  ar*  available  for  use  on  a royalty  basis.  Ths 
main  features  of  these  programs  are  shown  In  Tables  1,  2,  and  3. 
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ADLPIPE 

AOLPIPE  la  a apeclal  purpoae  program  for  tha  static  and  dynamic  analyala  of 
complex  piping  ayatama. 

It  la  baalcally  an  alaacic  analyala  program  which  uaea  the  method  of 
tranafer  matrices  In  lta  formulation.  It  haa  capabilities  for  modeling 
straight  pipes,  springe,  albowa  (flexibility  and  Intensity  factora),  linear 
conatralnta  and  also  haa  a general  atlffneaa  matrix  input  capability. 

A static  condensation  scheme  la  available  and  eigenvalues  and  eigen- 
vectors for  shock  response  spectra  analyala  can  ba  obtained  by  the  Jacobi, 
Civens,  or  Householder  methods. 

Streaaes  can  ba  computed  in  accordance  with  a number  of  piping  codea. 
Plots  of  both  input  geometry  and  deformed  output  geometry  can  be  obtained. 
User  manuals  and  some  verification  problems  are  also  available. 

Developer:  Arthur  D.  Little  Inc. 

Acorn  Park 

Cambridge,  Massachusetts  02140 
Phone  (614)  864-5770 
Available  from:  1.  Developer 

2.  McDonnell  Douglas  Automation  Co. 

Box  516 

St  Louis,  Missouri  63166 

3.  Uestinghouas  Electric  Corporation 
Power  Syatema  Co. 

Advanced  Systems  Technology 
Building  7L45 
700  Braddock  Avenue 
East  Pittsburgh,  PA  15112 
Phone  (412)  256-2853 
Computers:  CDC  7600  and  6000  series 

Cost:  User  basis,  purchase 

Program  Language : FORTRAN 


ANSYS 

ANSYS  le  a general  purpose  structural  finite  element  program  and  is  used 
extensively  in  industry  for  the  linear  and  nonlinear  analysis  of  structures, 
Including  piping  systems.  It  is  based  on  the  displacement  method  of  analysis 
and  its  dynamic  capabilities  Include  Guyan  reduction,  eigenvalue  extraction 
(Jacobi),  frequency  response,  modal  and  direct  (Houbolt)  transient  response, 
seismic  time  history,  and  response  spectrum  analysis.  A restart  option  is 
available.  The  elastic-plastic  analysis  capability  is  based  on  the  constant 
stiffness  (initial  strain)  method. 

ANSYS  has  several  slsmants  for  piping  analysis  such  as  straight  pipes 
and  beams,  elbows  (flaxlblllty  and  stress  intensification  factors),  linear 
and  nonlinear  springs,  gap  and  friction  elements.  The  program  has  a 
capability  for  largs  deformation  analysis.  A .piping  network  generator, 
geomatry  plotting  and  a piping  postprocessor  for  AS  ME  code  evaluations  are 
available. 

The  documentation  consists  of  a user's  manual  and  an  examples  manual. 
User  response  indicates  that  the  program  is  user  oriented. 

Developer:  Svaneon  Analysis  Systems,  Inc. 

870  Pina  View  Drive 
Elisabeth,  PA  15037 
Phone  (412)  751-1940 

Available  from:  1.  Swanson  Analysis  Systems,  Inc. 

2.  Control  Data  Corporation 

Service  Bureaus  (Cyber  network) 

Computers:  CDC  6400,  6600,  7600 

IBM  370 

Unlvac  1106,  1108 
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Coat:  Use  bails 

Program  Lnnguaga:  FORTRAN 


MARC 

The  MARC  program  la  a general  purpose  finite  element  program  for  the 
analysis  of  structures.  The  program  has  capabilities  for  linear  static  and 
dynamic  analysis  but  waa  primarily  designed  for  nonlinear  analysis, 
plasticity,  creep,  and  large  deformations. 

For  dynamic  analysla  it  has  capabilities  for  eigenvalue-eigenvector 
extraction  (Inverse  power),  modal  and  direct  (Nevmark  Beta,  Houbolt,  and 
Central  difference  operator)  transient  responae  analysla.  Dynamic  non- 
linear analyses  with  elastic-plastic  material  behavior  and  large  deformations 
can  be  obtained  with  tha  direct  integration  procedure. 

The  elastic-plastic  analyals  la  based  on  tha  variable  (tangent  modulus) 
stiffness  method  and  tha  large  deformation  analysis  capability  la  based  on  the 
Lagranglan  formulation.  A raatart  option  la  available. 

For  piping  analyals  MARC  has  straight  pipe  elemsnte,  linear  and  non- 
linear spring  elements,  gap  and  friction  elements.  A special  element 
suitable  for  elaatlc-plaatlc  and  large  deformation  analysis  of  elbows  Is 
available,  This  element  allows  for  deformation  of  the  elbow  croaa-aectlon. 

MARC  does  not  have  a taa  element . The  geometry  Input  can  be  obtained  with  a 
special  pipe  line  mesh  generator.  Plots  of  tha  undaforaed  geometry  and  the 
deformed  geometry  can  be  obtained.  Tha  present  version  of  the  program  does  not 
have  a capability  for  aalamic  analysis. 

Tha  documentation  of  MARC  consists  of  three  volumes,  namely,  a user  Infor- 
mation manual,  a program  Input  manual , and  a demonstration  problems  manual. 
Uaera  report  that  tha  program  la  not  easy  to  use,  however,  algnlf leant  Improve- 
ments have  bean  made  In  recent  versions. 

Developer:  MARC  Analysis  Corporation 

105  Midway  Street 
Providancs,  Rhode  Island  02960 
Phone  (401)  751-9120 

Available  from:  Control  Data  Corporation 

Sarvica  Bureaus  (Cybernet  Service) 

Computers : CDC  6600 

Cost:  Uaa  basis 

Program  Language:  FORTRAN 


NASTRAN 

NASTRAN  Is  a large  general  purpose  finite  element  program  that  waa  developed 
for  tha  Rational  Aaronautlce  and  Space  Administration.  The  program  was 
originally  developed  to  meet  the  needs  for  structural  analysis  at  the  NASA 
research  centere.  The  program  Is  baaed  on  the  displacement  method  and  has 
capabilities  for  Guyan  reduction,  eigenvalue  extraction  (determinant,  Inverse 
power,  Givens),  frequency  response,  modal  and  direct  (Nevmark  Beta)  transient 
response  analysis.  A raatart  capability  Is  available.  Since  1970  NASTRAN 
hae  been  used  extensively  by  Industry  arwl  government  agencies,  and  has  been 
verified  by  many  uaera.  NASA  maintain!  tha  prograa  through  Its  NASTRAN 
Systems  Management  Office,  which  is  also  responsible  for  continuing  develop- 
ment. For  a large  general  purpose  program  NASTRAN  le  easy  to  use,  however, 
since  It  hae  very  extensive  capabilities  It  takas  considerable  time  to 
become  acquainted  with  all  Its  options.  The  documentation  of  NASTRAN  is 
extensive  and  consists  of  user,  theoretical,  demonstration,  and  programmers 
manuals. 

NASTRAN  can  perform  elastic,  static,  and  dynamic  analyses  of  piping  models 
consisting  of  straight  pipe,  linear  end  nonlinear  spring,  gap,  and  friction 
elements  with  a variety  of  supports,  boundary  conditions,  and  loadings.  The 
prograa  doe#  not  have  elbow  and  tee  eleaunta  or  other  capabilities  designed 
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especially  for  piping  analysis. 

The  time  history  due  to  ground  motion  can  be  obtained  with  NASTRAN  using 
special  techniques  but  the  program  has  no  capabilities  for  response  spectrum 
analysis.  No  capabilities  exist  for  large  deformation  analysis  and  Its 
capabilities  for  elastic-plastic  analysis  are  United.  Substructuring  can 
be  accomplished  via  the  DMAP  (Direct  Matrix  Abatractlon  Program)  capabilities 
of  NASTRAN.  The  program  can  produce  plots  of  the  undeformed  and  deformed 
geometry. 

Developer:  NASA,  Washington,  D.C. 

Available  from:  COSMIC 

Barrows  Hall,  University  of  Georgia 
Athens,  GA  36061 

Computers:  CDC  6600,  IBM  370,  Unlvac  1108 

Cost:  Nominal  fee 

Program  Languaga:  FORTRAN  (some  machine  language  routines) 

A proprietary  enhanced  version  of  NASTRAN  Is  also  available. 

Available  from:  The  MacNeal-Schvendlar  Corp. 

7442  Figueroa  Street 
Loa  Angeles,  CA  90041 
Phone  (213)  254-3456 

Also  available  at:  Control  Data  Corporation 

Service  Bureaus  (Cybernet  Service) 

Computers:  CDC  6600,  IBM  370 

Coat:  Use  basis 


NUPIPE 

NUPIPE  Is  a special  purpose  program  for  the  analysis  of  linearly  elastic 
piping  systems.  It  la  based  on  the  finite  element  smthod  and  la  capable 
of  transient  and  response  spectrum  analysis  using  normal  mode  theory. 

The  program  can  handle  a variety  of  loading  conditions  and  time 
dependent  forces.  In  addition,  ground  motion  for  seismic  analysis  can  be 
specified  as  wall  as  several  displacement  boundary  conditions  Including 
general  linear  constraints. 

Lumped  mass  matrices  ara  usad,  and  static  condensation  Is  availabla  to 
reduce  the  dynamic  degrees  of  freedom  of  piping  systems. 

Tha  element  library  Includes  straight  pipes  with  constant  cross-aectlona, 
beams  (with  shear  deformations),  elbows  (flexibility  factor),  tees  (based  on 
beam  intersections) , hangars,  and  concentrated  mass  elements. 

Plots  can  ba  obtained  of  the  deformed  and  undaformad  geometry.  No 
Information  was  received  on  the  ease  of  use  of  the  program. 

Developer:  Nuclear  Services  Corporation 
1700  Dill  Avenue 
Campbell,  CA  95008 
Avail ibis  from:  Developer 

Computers:  IBM  360,  370 

CDC  6000,  7000  series 
Cost:  Usa  basis 
Program  Languaga:  FORTRAN 


PIPDYN 

PIPDYN  Is  a finite  element  piping  program  based  on  tha  displacement  method. 
It  has  a capability  for  linearly  elastic  analysis  with  temperature 
dependent  material  properties  and  proportional  viscous  damping.  It  can 
handle  concentrated,  pressure,  gravity,  stationary  and  transient  thermal 
and  sinusoidal  types  of  loading.  It  Is  also  capable  of  handling  prescribed 
and  tins  dependent  dlaplacasMint  boundary  conditions  as  well  as  velocity 
and  acceleration  Inputs.  The  progrem  has  a capability  for  condensation 
of  ths  dynamic  degrees  of  freedom. 
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Using  a modal  formulation  rasponse  spectra,  harmonic  response,  transient 
and  reduced  modal  transient  analyses  can  be  obtained.  The  eigenvalue 
routines  are  based  on  the  Givens  and  Householder  QR  methods. 

A direct  transient  analysis  capability  using  explicit  time  integration 
Is  also  available. 

It  has  straight  pips,  elbows  (curved  beam  theory),  teas  (modified 
beam  intersection),  and  6x6  general  stiffness  matrix  Input  as  modeling 
elements. 

It  can  plot  deformed  and  undsformad  geometries.  A theoretical  manual 
and  guides  are  available  from  the  developer. 

Developer:  Franklin  Institute  Research  Laboratories 

20th  Street  and  Franklin  Parkway 
Philadelphia,  PA  19103 
Phone  (21S)  648-1595 
Available  from:  1.  Developer 

2.  Utility  Network  of  America 
7540  LBJ  Freeway,  Suite  830 
Dallas,  TX  75240 

3.  Westinghouse  Electric  Corporation 
Power  Systems  Co. 

Advanced  Systems  Technology 

Building  7L45 

700  Braddock  A"anue 

East  Pittsburgh,  PA  15112 

Phone  (412)  256-2853 

Computers:  IBH  360,  370,  CDC  6500,  6600,  7600  UNIVAC  1108 

Coat:  Purchasa,  use  basis 

Program  Languaga:  FORTRAN 

PIFERUP 

This  is  a spscial  purposa  program  for  the  analysis  of  piping  systems.  The 
program  la  based  on  the  finite  element  method  and  has  bean  written  by  the 
developers  of  NUPIPE,  PIFERUP  has,  therefore,  many  features  In  common  with 
NUPIPE. 

The  finite  element  library  of  PIFERUP  consists  of  straight  pipes,  beams 
(with  shear  deformations),  slbows  (flexibility  factor),  tees  (based  on  inter- 
secting beams),  hangers,  concentrated  mass , and  spring-dampers. 

The  program  can  handle  time  dependant  loadings  and  has  special  capabil- 
ities for  the  analysis  of  pips  whip. 

The  differential  stations  of  notion  are  solved  by  direct  methods  based 
on  explicit  time  lnteg’at'on. 

Lumped  mass  matrices  are  used  and  damping  is  proportional  to  the  mass  and 
stiffness.  The  program  has  a capability  for  elastic-plastic  analysis  using 
isotropic  hardening.  Although  the  program  claims  a capability  for  pips  whip 
it  is  based  on  small  deformations  and  strains. 

Time  history  plots  of  forcss  and  displacements  can  be  obtained  with 
PIFERUP. 

A user  manual  which  includes  a number  of  verification  problems  is 
available. 

Developer:  . Nuclear  Service  Corporation 
1700  Dell  Avenue 
Campbell,  CA  95008 
Available  from:  Developer 

Computers:  CDC  6000,  7000  series 
Cost:  Use  basis 

Program  Language:  FORTRAN 
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FIPESD 

PIPESD  It  a finite  element  program  for  calculating  the  dynamic  reaponae  of 
piping  ayataaa  ualng  modal  raaponaa  apactra.  A diagonal  aaaa  matrix  la  uaad 
and  atatlc  condanaatlon  of  tha  atlffnaaa  matrix  la  available.  Natural 
fraquanclaa  and  modaa  are  calculated  ualng  Houaeholder  tachnlquaa. 

Finite  elamanta  which  are  available  are  atralght  plpea,  albowa  (flexi- 
bility factor  par  ASHE),  tea  elamanta  (flexibility  factor  par  ASHE),  hangers, 
and  apring-dampara  to  ground. 

Othar  capabllitlae  Include  general  linear  conetralnta,  plotting  of 
daformad  and  undeformed  geometry,  restart  calculation  of  ASHE  class  1 and 
class  2 atraaasa,  output  of  complata  class  1 fatigue  atrasa  reports,  and 
performance  of  B31.1  power  piping  atrasa  analyses. 

Developert  URS/John  A.  Bluae  & Aaaoclatas,  Engineers 
130  Jessie  Street 
San  Francisco,  CA  94303 
Phone  (415)  397-2525  (x34) 

Available  from:  Control  Data  Corporation 

Service  Bureaus  (Cybernet  Service) 

Computer:  CDC  6600/7600 

Coat:  Use  basis 

Program  Language:  FORTRAN 


SAGS/DAGS 

The  SAGS/DAGS  programs  are  beam-truss  type  structural  analysis  programs  which 
can  be  used  for  the  dynamic  analysis  of  linearly  elastic  piping  systems 
through  the  use  of  straight,  tapered,  and  curved  beam  elements. 

Elganvaluaa  and  eigenvectors  are  obtained  by  determinant  or  Sturm 
aequancaa  techniques  for  tha  dynamic  modal  analysis.  Dashing  can  be  incor- 
porated baaed  on  proportional  vlecoua,  structural,  hysteresis,  or  modal 
damping.  Transient,  harmonic,  and  shock  raapetse  type  analyses  are  available 
using  modal  superposition. 

A variety  of  atatlc  and  time  dependant  loadings  and  boundary  conditions 
can  ba  handled  including  seismic  ground  artions.  A capability  exists  for 
plotting  various  views  of  deformed  and  un  la  formed  geometry. 

User  manuals  are  available  from  tha  divaloper. 

Devaloperi  Structural  Dynamics  Research  Corp. 

5729  Dragon  Hay 
Cincinnati,  OH  45227 
Phone  (513)  272-1100 
Available  from:  Developer 

Computers:  CDC  6000  aeries,  UNI f AC  1108,  GE  6080  and  Xerox  19 

Coat:  Use  basis 

Program  Language:  FORTRAN 


BAP  IV 

The  SAP  IV  program  la  a general  purpose  finite  element  program  for  tha  linearly 
elastic  analysis  of  structural  systems. 

Tha  program  has  capabilities  for  static,  eigenvalue-eigenvector 
extraction  (determinant  method,  sub-space  Iteration  method),  dynamic  model 
and  direct  (Wilson  Theta)  transient  response  analysis.  In  addition,  seismic 
response  spectrum  and  tlma  histories  based  on  relative  displacements  can  be 
obtained  with  the  program.  A raatart  option  Is  available  to  the  user.  Tha 
program  is  used  extensively  by  industry,  universities,  and  consulting  firms 
and  has  bean  verified  by  many  users.  Users  report  that  tha  program  Is  user 
oriented  and  can  ba  easily  modified  to  suit  the  needs  of  a particular 
organisation. 

SAP  IV  can  perform  the  elastic  static  and  dynamic  analysis  of  piping 
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systems  consisting  of  strslght  pipe,  elbow,  iprlng,  and  beaa  elements.  The 
program  does  not  have  a taa  element.  A variety  of  loadlnga  and  boundary 
conditlona  can  be  applied  Including  ground  accelerations. 

The  program  manual  giving  uaar  information.  Input  data  Instructions, 
and  sample  problems  la  available.  The  program  lacks  plotting  and  mesh 
generating  routines  and  does  not  have  a condensation  or  subatructurlng 
capability.  Hovever,  It  la  not  proprietary  and  can  be  used  as  a starting 
point  In  the  development  of  a more  comprehensive  piping  system  program. 
Developer:  E.  L.  Wilson 

College  of  Engineering 
University  of  California 
Berkeley,  CA  94720 
Phone  (413)  642-3743 

Available  from:  Earthquake  Engineering  Research  Cantar 

University  of  California 
Berkeley,  CA  94720 
Computers:  CDC  6400,  6000,  7600 

IBM  370,  Unlvsc  1106,  HOB 
Cost:  Nominal  fee 

Program  Language:  FORTRAN 


STARDYNE 

STARDYNE  la  a general  purpose  finite  element  program  for  the  static  and 
dynamic  analysis  of  elastic  structures.  It  is  based  on  the  displacement 
method  of  analysis.  STARDYNE  is  used  extensively  In  Industry  for  the 
analysis  of  elastic  structures.  It  has  capabilitlas  for  Guyan  reduction, 
eigenvalue  extraction  (Inverse  power,  Givens,  and  Householder),  modal  and 
direct  (Nevmark  Beta  and  Wilson  Theta)  transient  response,  frequency 
response,  seismic  ties  history  (using  relative  displacements) , and  response 
spectra  analysis.  The  program  has  a restart  capability  and  permits  the  use 
of  substructures.  User  response  indicates  that  the  program  Is  easy  to  use. 
STARDYNE  has  several  elements  for  piping  analysis  such  as  straight  pipes, 
beams,  hangars,  linear  and  nonlinear  springs,  elbows  and  tees  (using 
flexibility  factors),  and  gap  elements.  The  program  has  no  capabilities 
for  large  deformations  or  elastlc-plsstlc  analysis,  nor  doss  it  have  a 
special  capability  for  mash  gansratlon  of  piping  systems  and  stress 
computations  In  the  manner  prescribed  by  the  piping  codas.  The  documentation 
consists  of  a user  Information  manual.  Plots  for  the  deformed  and  undeformed 
geometry  can  be  produced. 

Developer:  Mechanics  Resesrch  Inc. 

9841  Airport  Blvd. 

Los  Angeles,  CA  90043 
Phona  (213)  670-4650 

Available  from:  Control  Data  Corporation 

Service  Bureaus  (Cybernat  Service) 

Computers : CDC  6600 

Cost:  Use  basis 

Program  Language : FORTRAN 


WE  CAN 

The  WE CAN  program  Is  a large  general  purpose  finite  element  program  for  linear 
and  nonlinear  structural  analysis.  The  program  was  developed  for  the 
analysis  of  structures  used  In  the  nuclear  and  pover  generation  Industry. 

It  Is  based  on  the  displacement  method  of  analysis.  Its  dynamic  capabilities 
Include  Guyan  reduction,  several  routines  for  eigenvalue  extraction  (Inverse 
power,  Jacobi,  Houaeholder  QR),  frequency  response,  direct  (Houbolt,  Nevmark 
Beta)  transient  response,  seismic  time  history  and  response  spectrum 
analysis . 
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WE  CAN  can  perform  alaatic  and  elaatlc-plastlc-creep  analyala.  Piping 
sya tarns  can  be  modeled  with  etralght  pipe  and  beam  elements,  elbows 
(flexibility  and  streaa  Intensification  factora),  linear  and  nonlinear 
aprlngs,  hangars,  spring-dampers,  gap  and  friction  elements.  A variety  of 
boundary  and  Initial  conditions  can  be  used  with  these  piping  models.  The 
program  has  a restart  capability  for  linear  and  nonlinear  dynamic  analysis. 

The  elastic-plastic  analysis  capability  Is  based  on  the  constant  stiff- 
ness (initial  strain)  method  and  can  be  used  in  dynamic  analysis.  The 
documentation  consists  of  a user's  manual,  a demonstration  manual,  a pre- 
and  postprocessor  manual  and  a verification  manual.  A theoretical  manual 
is  under  development.  User  response  Indicates  that  the  program  1s  user 
oriented.  An  extensive  plotting  capability  is  available  for  the  generation 
of  the  deformed  and  undaformed  geometry. 

Developer:  Westinghouae  Electric  Corporation 

1310  Beulah  Road 
Pittsburgh,  PA  1S23S 

Available  from:  Westinghouae  Electric  Corporation 

Power  Systems  Co. 

Advanced  Systems  Technology 
700  Braddock  Avenue 
East  Pittsburgh,  PA  15112 
Phone  (412)  256-2853 
Computer:  CDC  7600 

Cost:  Use  basis 

Program  Language:  FORTRAN 


The  descriptions  of  programs  has  been  limited  to  those  programs  where 
enough  Information  was  available  for  the  authors  to  give  a general  idea  of 
the  dynamic  capability  for  analysis  of  piping  aystama.  In  addition,  the 
program  summaries  are  limited  to  programs  which  are  currently  available 
either  through  tha  developer  or  through  service  bureaus  outside  of  the 
developers  organization.  For  tha  sake  of  completeness  the  following  list 
of  programs  Is  given  which  ralata  to  either  proprietary  programs  or  to 
programs  of  which  the  detailed  capabilities  for  the  dynamic  analysis  of 
piping  systems  ware  not  known  t-  tha  authors.  These  additional  programs 
are : 


1.  DRIPS  (Dynamic  Response  In  Piping  Systems) 

Developer's  Name:  A.  P.  Caiman 
Affiliation:  Rockwell  International 

Atomics  Internation  Dlv. 

8900  DaSoto  Street 
Canoga  Park,  CA  91304 
Phone  (213)  341-1000 

2.  FESAP 

Developer's  Name:  D.  B.  VanPossen 
Affiliation:  Babcok  and  Wilcox  RiD 

P.  0,  Box  835 
Alliance,  OH  44601 
Phone  (216)  821-9110,  axt.  544 

3.  MAGIC 

Affiliation:  Air  Force  Flight  Dynamics  Laboratory 

Structures  Division 
Wrlght-Psttarson  AFB,  OH  45433 


or  Bell  Aarospaca  Company 

Structural  Systems  Department 
Pott  Office  Box  One 
Buffalo,  NY  14240 
Attn:  MAGIC  System  Office 

4.  Piping  Systems  Analysis 

Developer's  Name:  G.  Belonogoff 
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Affiliation:  Bechtel  Corporation 

350  Mission  Street 
San  Francisco,  CA  94105 
Phone  (415)  764-6324 
5.  SAP4GE  (Adaptation  of  SAP  IV) 

Developer's  Hama:  C.  S.  Parker 

Affiliation:  General  Electric  Corporation 

175  Curtner  Avenue 
San  Jose,  CA  95114 
Phono  (408)  297  3000 
6.  ICES  STRUDL  II 

Developer's  Name:  M.I.T.  Civil  Engineering  Systems  Laboratory 

Affiliation:  Massachusetts  Institute  of  Technology 

Cambridge,  MA  02139 

Purther  investigation  lnt  the  availability,  cost,  and  the  present  or 
future  capabilities  of  these  programs  is  suggested  before  choosing  a 
particular  program  for  a dynamic  piping  analysis. 


FUTURE  DEVELOPMENTS 


The  present  state  of  the  art  computer  programs  for  piping  analysis  have 
several  weaknesses. 

The  available  elbow  and  tee  elements  should  be  Improved  for  elastlc- 
plastl'-  and  large  deformation  and  strain  analysis.  At  the  present  time 
the  complete  state  of  the  stress  in  an  elbow  or  tee  can  only  be  obtained 
with  a shell  or  three-dimensional  analysis.  This  type  of  analysis  Is 
very  costly  since  the  number  of  degrees  of  freedom  will  be  large.  Such 
improved  elements  should  also  account  for  the  Influence  of  flanges  and 
reinforcement. 

The  computer  programs  described  above  are  structural  analysis  programs, 
all  Ignore  the  affects  of  fluid  flow.  Future  developments  should  taka  fluid- 
structure  interaction  Into  account.  Such  a capability  should  eventually  be 
able  to  accoisit  for  large  deformations  and  strains,  plasticity,  water  hammer, 
slugging,  pipe  whip,  etc. 

Nonlinear  (elastic-plastic,  large  deformations)  dynamic  analysis  with 
state  of  the  art  computer  programs  la  very  costly.  More  efficient  gorlthms 
are  needed  to  reduce  the  long  computer  running  times.  The  use  of  explicit 
integration  schemas  for  finite  element  analysir  should  be  explored. 

The  preparation  of  the  Input  data  of  the  finite  element  mash  of  a piping 
system  Is  generally  very  time  consuming.  Additional  work  should  be  done  In 
developing  an  interactive  graphics  capability  for  the  generation  of  finite 
element  meshes  of  piping  systems. 

Most  computer  programs  lack  the  capability  to  output  the  stresses  and 
stral’  a In  a form  suitable  for  use  In  evaluations  of  piping  systems  In 
accordance  with  ANSI  and  ASMS  piping  codes. 

The  verification  of  many  computer  programs  leaves  much  to  be  desired. 
This  Is  particularly  true  of  the  nonlinear  capabilities.  .The  development 
and  publication  of  a set  of  piping  problems  for  which  experimental  and 
theoretical  results  are  available  would  be  very  useful  for  purposes  of 
verification. 
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INTRODUCTION 

Thla  chapter  preeente  information  Intended  to  aaalet  an  analyst  in  the  selec- 
tion and  uea  of  a computer  procram  for  the  dynamic  buckling  of  beam,  plate  and 
ahell  type  atructurea  due  to  deterministic  forcae  that  ara  functions  of  time. 
Dynamic  buckling  la  some tlaee  considered  to  be  a eubsat  of  the  more  general 
subject  of  dynamic  stability,  which  also  Includes  oedllatory  Instabilities 
and  aaroelastlc  or  flutter  problems.  Several  examples  of  some  dynamic  stabil- 
ity problems  In  actual  aerospace  structures  were  presented  by  Hedgepeth  In  [1] 
and  are  given  In  Tables  1,  2 and  3.1  Dynamic  buckling  hae  also  been  used  to 
denote  an  oscillatory  Instability  or  parametric  resonance  [5).  In  this  con- 
text, the  problem  of  dynamic  buckling  Is  obtained  simply  by  replacing  a static 
load  with  one  that  varies  harmonically  In  time.  Hoff  has  suggested  that 
perhaps  the  terms  "sympathetic  excitation"  or  "aympathetlc  resonance"  would  be 
more  descriptive  and  acceptable  than  dynamic  buckling  or  parametric  resonance  [(]. 
The  more  general  concept  of  dynamic  buckling  le  taken  in  the  following  discus- 
sion. 

In  theory,  any  computer  program  that  computes  the  geometrically  nonlinear, 
transient  response  of  a structure  can  be  used  to  predict  dynamic  buckling.2 
However,  selection  ot  the  proper  eoftwers  and  a correct  Interpretation  of  the 
results  require  both  an  understanding  of  the  nature  of  the  response  of  the 
structure  to  the  load  and  a criterion  for  tha  inadmissible  response  or  design 
failure.  For  an  Illustration  of  tbs  physical  aspects  of  tha  response  that  must 
be  considered,  consider  the  problem  of  the  dynamic  buckling  of  a shallow 
spherical  cap  subjected  to  s uniform  step  pressure  load.  Hill  the  shell  buckle 
axlt  'mmetrlcally  (snap-buckling)  or  mutt  asymmetric  (orthogonal)  motion  be 
considered?  What  about  imperfections  In  tha  Initial  shape  of  the  shall;  must 
they  be  considered?  Hill  the  shell  buckle  elastically,  or  must  inelastic 
material  affects  also  bo  considered?  Should  damping  be  considered?  Is  the 
shell  orthotropic;  does  It  have  discrete  rings?  Additionally,  we  must  decide 
what  constitutes  buckling  or  failure;  tha  maximum  stress  or  the  largest 
deflection?  Is  the  minimum  buckling  load  of  Interest,  or  Is  the  structure  only 
required  to  withstand  s particular  load?  Is  the  post-buckling  response  of 
Interest?  These  questions  must  be  answered  before  e program  can  be  selected 
because  very  few  programs  have  more  than  s few  of  these  features. 


*For  an  introduction  to  the  stability  problems  associated  with  tha  control 
end  propulsion  of  launch  vehicles  refer  to  U)  and  [3]  respectively.  For  a 
review  of  computer  progras  for  aeroelastlc  stability  calculations  sea  (A). 

2 

A review  of  soma  of  tha  programs  for  the  nonlinear,  transient  response  of 
structures  Is  given  by  lelytechko  la  this  volume  and  In  [7]. 
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Table  1 Transient  or  Shock  Loading  (1] 


Dynaaic  stressing 

Dynaaic  buckling 

X-15  landing 
Mlnuteaan  launch 
Apollo  lapact 
Sprint  launch 
Warhead  blast 

Titan  II  staging 
Subroc  water  lapact 
Explosive  foralng 
Energy  ebeorptlon 

Other 

Echo  1 deployment 
Pyrotechnic  shock 

Table  2 Oscillatory  Instability  [1] 

Control  aystaa  coupling 

Propulsive  syetea  coupling 

Vanguard 

X-15 

Radatone 
Atlas 
Scout 
Saturn  I 

Thor 

Kiwi 

Titan  II 

Other 

Saturn  I sloah 
Pilot  coupling 

Tabla 

3 Flutter  [1] 

Control  surfaces 

Panel 

KC-135  fin,  rudder  1 tab 

Boaurc  vanea 

FJA  stabiliser 

P6H  T-tall 

F3H  rudder 

XP5T  stabiliser 

V-2  ogive 
X-15  fairing 
A3J  fuaalage 
P4H  wing 

Other 

Elect re  propeller-whirl 

To  add  to  tha  analyst ' ■ problems  la  tha  fact  that  aany  computer  prograaa 
for  nonllnaar  dynaaic  raaponaa  ara  aora  difficult  to  uaa  than  their  linear 
countar  par  ta.  Hava  enough  alaaants  or  nodaa  baan  uaad  to  aaaura  apatlal 
convergence  of  tha  solution?  Ara  they  distributed  properly?  la  tha  tlaa  atap 
aaall  enough  to  give  a converged  solutions  la  It  eaall  enough  to  aaaura  nuaerl- 
cal  stability?  la  tha  tlaa  atap  too  aaall,  so  that  too  auch  coaputar  run  tlaa 
la  uaad?  Hava  enough  tlaa  atapa  baan  taken  to  aaaura  that  buckling  will  not 
occur?  la  It  naceaaary  to  ltarata  at  each  tlaa  atap,  and  if  ao,  how  aany 
It  ar  at  Iona  ahould  be  taken?  la  It  naceaaary  to  raf  actor  tha  governing  aatrlcaa 
during  tha  raaponaa  coaputatlon,  and  if  ao,  how  oftan?  Hill  the  aathod  of 
aolutlon  give  a aolutlon  up  to  buckling,  and  Into  tha  post-buckling  region? 

Hill  an  Iterative  procedure  fall  to  converge  prior  to  buckling,  or  does  the 
failure  of  an  Iterative  procedure  to  converge  naan  buckling  has  taken  place? 
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How  much  confidence  can  be  placed  In  Che  results;  l.e.  how  well  do  results  from 
one  program  agree  with  thoae  from  another  program  und  how  well  do  the  solutions 
agree  with  experimental  results?  And  last,  but  certainly  not  least,  la  the  fact 
that  determining  the  dynamic  buckling  load  of  a structure  can  be  very  expensive 
relative  to  the  cost  of  obtaining  linear  dynamic  response  solutions,  which  are 
themselves  expensive  to  obtain. 

As  a consequence  of  these  difficulties,  and  the  peculiarities  of  each 
particular  problem,  progress  In  this  area  has  been  slow.  Most  of  the  computer 
studies  on  dynamic  buckling  that  have  appeared  In  the  open  literature  use 
programs  that  were  written  specifically  for  the  problem  considered.  The 
developers  usually  had  no  Intention  of  making  their  program  available  to 
others.  This  la  understandable  since  preparing  a fool-proof  program  for 
dissemination  requires  a considerable  ai-our.t  of  work.  Nevertheless,  there  are 
a number  of  general  purpose  and  special  purpose  programs  readily  available  that 
can  be  used  to  determine  the  dynamic  buckling  of  structures. 


NOMENCLATURE 

E * Young's  modulus 
I - Moment  of  Inertia 
L - Column  length 
m ■ Maaa  per  unit  length 
P_  - Euler  buckling  load 
P0  - Axial  load 

Pi  - Harmonic  part  of  axial  load 
qn  - Generalised  coordinate 

t - Time 

w - Lateral  displacement 
W£  - Initial  Imperfection 

wn  - Serlea  coefficient  of  initial  Imperfection 
x - Axial  coordinate 

£ - Frequency  of  oscillation  of  axial  load 
V - Nondlmanslonal  volume  of  deformation 
P - Nondlmanslonal  load  factor 
1 - Shallowness  parameter  for  spherical  shells 


EXAMPLES  OF  DYNAMIC  BUCKLING 

Dynamic  buckling  means  different  things  to  different  people.  Consequently,  a 
brief  description  of  several  kinds  of  dynamic  buckling  is  presented  here  to 
assist  the  analyet  In  his  search  for  the  proper  computer  program  and  to 
Illustrate  soma  of  the  features  he  must  consider. 


Symmetric  (Snap)  Buckling 

Two  examples  of  dynamic  symmetric  or  snap  buckling  are  the  simply  supported 
shallow  arch  (8)  end  the  clampad  shallow  spherical  cap  (9)  subjected  to  a 
symmetric  external  load.3  Dynamic  snap  buckling  is  usually  characterized  by  a 
rapid  and  significant  geosMtrlcally  nonlinear  growth  In  sosm  response  parameter 
such  as  the  average  displacssMnt  or  the  volume  of  deformation.  Asymmetric 
motion  is  excluded  from  consideration  In  a symmetric  buckling  analysis.  For 
certain  arch  and  shell  geometries  pure  symsMtrlc  buckling  occurs  naturally  and 
the  exclusion  of  asymmetric  motion  Is  Inconsequential.  If  the  analyst  is 


Symmetric  refers  here  to  an  axle  or  plans  of  symmetry.  A cylindrical 
ahell  subjected  to  a pressure  that  is  symmetric  about  a principal  plans  contain- 
ing the  axis  is  said  to  buckle  symmetrically  If  antisymmetric  motion  about  that 
plans  does  not  influence  the  buckling. 
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Interested  only  In  whether  or  not  e structure  can  withstand  a specific  load 
then  he  la  requirad  only  to  make  a single  geometrically  nonlinear  run  to 
coaputa  the  response  (deflections,  atraaaee,  etc.)  of  the  structure  to  that 
load. 11  An  exaalnatlon  of  tha  solution  will  reveal  whether  or  not  tha  response 
of  the  structure  la  within  allowable  bounds.  On  the  other  hand.  If  ha  Is 
lnteraatad  In  tha  alniaue  dynaalc  buckling  load  than  several  runs  aust  be  made 
with  different  magnitudes  of  tha  load.  For  axaaple.  Fig.  1,  taken  froa  [10], 
shows  a computed  time  history  of  tha  nondlaenalonal  voluae  of  daforaatlon  V of 
a cleaped  shallow  spherical  cap  for  two  values  of  a nondlaenalonal  unlfora_ 
pressure  load  P.  Note  tha  slgnlf icant_difference  In  the  maximum  value  of  V 
for  the  two  loads.  A typical  plot  of  V..»  versus  P le  shown  In  Fig.  2, 
where  V..,  Is  tha  maximum  value  of  V over  tha  response  history.  For  a certain 
range  of  P,  where  tha  nonllnaarltles  era  Mall,  tha  relatlonahlp  between  V..» 
and  P Is  approximately  linear.  There  may  exist,  however,  a certain  value  of  P 
at  which  a very  snail  Increase  in  P producea  a very  large  Increase  In  V«...  as 
illustrated  in  Fig.  2. 5 This  load  has  been  defined  as  the  critical  load  for 
eyautrlc  buckling  [12]. 
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Fig.  1 Time  history  of  V for  two  values 
of  P,  [10] 


Fig.  2 Typical  plot  of  V 
versus  P 


When  computing  the  response  of  the  structure  to  the  load,  tha  computations 
must  be  carried  out  for  a sufficiently  long  period  of  time  to  assure  that  buckl- 
ing does,  or  does  not,  take  place  since  syametrlc  buckling  does  not  always  occur 
as  early  as  that  shown  In  Fig.  1.  A plot  taksn  from  [10]  of  the  crltloal  uni- 
form step  pressure  of  clMped  shallow  spherical  shells  Perlt>  computed  using 
several  computer  programs,  versus  1,  a shallowness  parameter.  Is  given  In  Fig.  3 
to  Illustrate  the  degree  of  agreement  between  current  progrMs  for  dynMlc  snap 
buckling. 


Fig.  3 Critical  axlsyametrlc  step-pressure  load  versus  1,  [10] 


''Most  geometrically  nonlinear  theories  are  based  upon  small  strains  snd 
moderately  small  rotations. 

*Very  shallow  clamped  spherical  caps  subjected  to  uniform  step  pressure 
loads  and  £lamped  arches  subjected  to  Impulsive  loads  do  not  exhibit  a sharp 
change  In  V-~  versus  tbs  magnitude  of  the  load  and  the  Impulse  (10,  11].  In 
these  problems  there  Is  no  wsll-daflnsd  syMstrle  buckling  load. 
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Asymsstrlc  Buckling 

AsymeCrlc  buckling  la  looaaly  definsd  hara  Co  be  buckling  that  takaa  place  due 
to  motion  In  an  asymmetric  mode  or  a mode  orthogonal  Co  Che  loaded  modea.  A 
simple  example  of  asymmetric  buckling  la  the  axially  loaded.  Initially  Imper- 
fect column.  Coneider  the  simply  supported,  prismatic  column  with  an  Initial 
Imperfection  expressed  in  the  series  fora 

W1  ‘ nZl  V1dEiT  (1) 

where  L la  the  length  of  tha  column  and  x is  the  axial  coordinate.  Whan  tha 
column  la  subjected  to  an  axial  dynamic  load,  tha  displacement  of  the  column  will 
consist  of  an  axial  component  u,  corresponding  to  symmetric  motion,  and  a lateral 
component  w corresponding  to  asymmetric  or  orthogonal  motion.  If  tha  axial 
motion  Is  approximated  by  a uniform  load  over  the  length  of  the  column,  small 
lateral  motion  Is  governed  by  tha  linear  aquation 

El  +P  (t)(w"  + w,">  + mw  - 0 (2) 

0 1 

where  E Is  Young's  modulus,  I la  tha  moment  of  inertia,  m Is  tiie  mass  per  unit 
length,  and  primes  and  dots  denote  partial  differentiation  with  respect  to  x 
end  time  t respectively.  Tha  solution  to  Eq.  (2)  can  be  taken  In  the  form 


w - fq^t)  sinSp  (3) 

Substituting  Eqs.  (1)  and  (3)  Into  Eq.  (2)  leads  to  the  equations  of  motion  In  tha 
generalised  coordinates  q{| 


where 


«n  + “n 


1 - 


P (t) 


n2P- 


2 V*>  - 
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n-P, 
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El 


n ■ 1,  2,  ....  (4) 


El 


Tha  equations  of  motion  in  the  generalised  coordinates  are  uncoupled  because  tha 
static  buckling  modes  ere  Identical  to  the  free  vibration  modes.  When  P0  Is 
larger  than  n*P_,  tha  Euler  buckling  load,  the  solution  to  Eq.  (4)  la  hyperbolic 
In  nature,  l.e.  the  displacement  w will  grow  exponentially  In  time.  When  P0  Is 
less  than  n2P*  the  solution  will  oscillate.  For  example,  If  P0  is  a step 
function  In  time 


n*l  1-n 


cosh 
cos  wn£ 


1 


nrx 

TT 


(5) 
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The  cish  is  used  when  % <1  snd  the  cos  is  ussd  when  nn>l.  Thus,  when  nn>l,  the 
computed  response  will  be  bounded,  but  when  nn<l  those  modes  whose  static 
buckling  losd  Is  less  than  P0  will  grow  axponentlally  In  time.  This  simplified 
linear  theory  Is  vslld  when  tha  rise  time  of  the  end  losd  Is  relatively  short 
compered  to  the  natural  frequencies  of  the  lateral  modes  and  relatively  long 
compared  to  the  time  required  for  an  elastic  wave  to  traverse  tha  length  of  the 
column.  The  situation  where  elastic  and  plastic  dynamic  buckling  due  to  a 
suddenly  applied  thruat  at  one  end  occurs  in  times  so  short  that  an  alaatlc 
compression  wavs  has  traversed  only  one  or  two  coltann  lengths  has  been  examined 
in  [13]. 

The  cylindrical  shell  subjected  to  a dynamic  axial  load  will  respond  with 
both  axlsymoetrlc  motion  and  asyatetrlc  motion.  If  the  Internal  compression 
load  In  the  shell  Is  not  assumed  to  be  effected  by  the  deflections,  then  linear 
equations  of  motion  similar  to  Eq.  (4)  arias  In  which  the  generalised  coordinates 
are  the  axisyimsetrlc  and  asymmetric  modes.  However,  when  consideration  Is 
given  to  the  nonlinear  effects  In  tha  compatibility  aquations  or  strain-dis- 
placement relations,  l.e.  when  tha  Internal  compression  losd  becomes  a function 
of  the  displacements,  the  equations  of  motion  become  nonlinear.  The  nonlinear 
equations  are  normally  solved  by  assuming  a displacement  function  with  several 
arbitrary  parameters  that  are  functions  of  time  and  employing  a Galerkln  type 
procedure.  This  leads  to  a sat  of  coupled  ordinary  differential  equations  In 
time  which  ara  usually  solved  using  a Runge-Kutta  procedure  [14]. 

Both  the  uniform  step-pressure  loaded,  simply  supported,  shallow  arch  [8]  snd 
damped  shallow  spherical  cap  [10]  have  been  found  to  buckle  (at  certain 
geoaatrlea)  at  a load  below  the  critical  load  for  symmetric  buckling  when 
asymmetric  motion  Is  considered.  Motion  of  the  asymmetric  modes  can  be 
Initiated  by  Introducing  a vary  small  asymmetric  load  or  imperfection  or  by 
numerical  roundoff  errors.  It  has  been  found  that  this  asymswtrlc  motion  can 
grow  large  and  can  significantly  Influence  the  syametrlc  response. 

Several  definitions  of  esjnmsetrlc  dynamic  buckling  hava  basn  proposed.  In 
ona  [8],  tha  buckling  losd  is  dsflnsd  as  ths  minimum  load  for  which  a small 
change  In  the  load  produces  a relatively  largs  change  In  tha  asymmetric 
response,  which  la  the  same  criterion  as  that  for  symmetric  buckling  except  that 
It  Is  applied  to  the  asymmetric  response.  This  may  be  a conservative  criterion 
since  ths  asymmetric  motion  at  tha  critical  load  may  be  relatively  small. 

Another  suggestion  Is  that  tha  criterion  for  symmetric  buckling  also  be  used 
for  aeyametrlc  buckling  [10].  This  criterion  la  baaed  upon  ths  argument  that 
tha  aynmatrlc  deformation  Is  the  only  true  measure  of  buckling.  The  structure 
can  suffer  large  asymmetric  displacements,  but  these  displacements  In  themselves 
do  not  represent  a catastrophic  buckling  failure.  This  criterion  Is  unconsarvatlv 
If  the  syametrlc  response  Is  not  significantly  Influenced  by  the  asjnmMtrlc 
motion,  the  buckling  has  been  referred  to  as  direct  snapping.  If  the  asymmetric 
motion  reduces  the  critical  load  for  symmetric  buckling,  the  buckling  has  been 
called  Indirect  snapping  [14].  Another  criterion  for  asymetrlc  buckling 
has  been  proposed  in  which  the  critical  load  Is  a bifurcation  load.  It  Is  deter- 
mined by  examining  ths  symmetric  response  at  each  step  In  time  to  see  If  static 
bifurcation  from  the  symmetric  path  can  take  place  [16]. 


Parametric  (Sympathetic)  Resonance 

Parametric  resonance  refers  to  an  Instability  that  arises  as  ths  result  of  an 
harmonically  oscillating  forcing  function,  Ths  forcing  function  can  be  an 
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external  load  or  It  can  be  due  to  notion  of  the  etructure  ltaelf.  An  example 
of  the  foraer  la  the  Initially  straight,  alnply  supported  prismatic  column 
subjected  to  s uniform  compressive  axial  load  P * P + Pj  sin  Rt.  The  equa- 
tion of  disturbed  lateral  motion  of  the  column  can  be  given  In  the  form 

EIw""  + (P  + P.  sin  Rt)wM  + mtt  - 0 (6) 

O 1 

The  essential  feature  of  parametric  resonance  la  the  presence  of  the  harmonic 
coefficient  of  w"  In  Eq.  (6).  The  solution  to  Eq.  (6)  can  be  taken  in  the 
form  given  by  Eq.  (3),  which  leads  to 

^n  + (vn2  " 6n2  ,in  0t)qn  ’ 0 « • 1,  2 (7) 


Bn2  - «n2V  Cn2PE> 

Equation  (7)  la  the  linear  Mathleu  differential  equation.  There  are  two  possi- 
ble solutions  to  Eq.  (7)  depending  upon  the  values  of  u and  6„.  Both  of  them 
are  oscillatory,  but  one  grows  unbounded  with  Increasing  time.  The  distinction 
between  a bounded  response  and  an  unbounded  one  le  given  by  the  Mathleu  stabil- 
ity chart. 

In  the  above  example,  the  mode  for  static  buckling  Is  identical  to  the  mode 
for  free  vibration.  This  fact  led  to  uncoupled  aquations  of  motion.  In  pro- 
blems where  the  static  buckling  modes  are  not  Identical  to  the  free  vibration 
modes  It  has  been  the  custom  to  use  either  the  modes  of  free  vlbrstlon  or  the 
static  buckling  modes  as  fne  generalized  coordinates  In  a Galerkln  procedure. 
This  leads  to  coupled  second  order  ordinary  differential  equations  of  the 
Mathleu  type.  Usually  only  a few  modes  are  used,  with  the  potential  consequence 
that  any  unstable  behavior  may  not  be  adequately  described  by  the  limited  basis. 
This  feature  has  been  considered  In  [17]  where  the  finite  element  method  Is  used 
to  Investigate  the  dynamic  stability  of  rectangular  plates  subjsctad  to  harmon- 
ically oscillating  edge  loads.  Use  of  the  finite  alasant  method  eliminates  the 
necessity  of  selecting  generalised  coordinates,  but  It  does  not  eliminate  the 
potentlel  problem  of  Inadequately  describing  the  unstable  behavior  since  the 
discretized  model  nay  be  too  coarse  or  the  elements  may  be  poorly  sized. 

An  example  of  parametric  resonance  due  to  the  notion  of  the  structure 
Itself  Is  the  dynamic  response  of  a complete  sphere  subjected  to  a nearly  uni- 
form radial  Impulse  [18].  Under  the  Impulsive  load  the  initial  growth  of  the 
asymmetric  nodes  Is  governed  by  the  Mathleu  equation.  The  harmonic  coefficient 
In  the  Mathleu  equation  Is  due  to  the  harmonic  free  vibration  of  the  uniform 
radial  mode.  However,  due  to  nonlinear  coupling  between  the  modes,  ths  modes 
undergo  beat-like  oscillations  accompanied  by  a cyclic  exchange  of  energy. 

The  linear  Mathleu  equation,  which  considers  only  the  nonlinear  coupling  from 
the  symmetric  mede  to  the  asyMetrlc  modes  and  neglscts  the  effects  of  the 
asymmetric  modes  upon  each  other  and  upon  the  symmetric  mode,  does  not  account 
for  the  snsrgy  exchange  and  predicts  Instability  when  In  fact  there  is  no 
Instability.  In  this  Instance  a strass  or  daflactlon  criterion  must  be  used  to 
deflns  a safe  design. 


Combined  Buckling 

For  an  example  of  dynamic  buckling  In  which  thare  Is  both  asyametrlc  buckling 
and  parametric  resonance,  consider  the  problem  of  a simply  supported,  nearly- 
drcular  cylindrical  shell  subjected  to  an  exponentially  decaying  uniform  radial 
pressure  first  considered  In  [19],  In  [19]  radial  motion  was  assumed  to  consist 
of  a uniform  radial  displacement  plus  asymmetric  modes  that  satisfy  simply 
supported  boundary  conditions.  The  Influence  of  the  axlsymaetrlc  mode  on  the 
asymswtrlc  modes  was  the  only  coupling  retained;  no  coupling  was  retained  which 
might  extract  energy  from  the  axlsymmetrlc  mode,  nor  was  any  coupling  between 
asymmetric  modes  retained.  The  oscillation  of  the  axlsymmetrlc  mods  was 
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neglected.  Hence  the  equation  of  notion  in  each  aiynmetrlc  node  wee  of  the 
aane  fore  ae  Eq.  (4) . The  naxlnun  dleplacenent  of  aeveral  aeynmetrlc  modes  waa 
found  by  numerical  Integration,  and  dynamic  buckling  was  aasumed  to  have 
occurred  whenever  the  naxlnun  dleplacenent  of  any  node  exceeded  1,000  tinea  the 
assumed  lnltlel  Imperfection  In  that  node.  Actually,  the  asymsetrlc  reaponae 
of  the  cylinder  le  eesentlally  composed  of  two  types  of  nodes;  modes  whose 
static  buckling  pressure  la  leea  than  the  applied  pressure  (hyperbolic  modes), 
and  modes  that  are  excited  by  the  harmonic  oscillation  of  the  axisynnetrlc  mode 
(Mathleu  nodes).  Modes  In  the  first  category  grow  In  tine  In  an  exponential 
manner,  while  nodes  In  the  aacond  category  grow  In  tine  In  an  oscillatory 
manner,  at  governed  by  the  classical  Mathleu  equation.  Only  the  former  modes 
were  considered  In  [19],  The  writers  reasoned  that  the  parametrically  excited 
modes  would  dissipate  energy  locally  by  plastic  flow  and,  therefore,  would 
eventually  decay  before  causing  deflections  large  enough  to  buckle  the  shell. 

In  order  to  examine  the  validity  of  the  neglect  of  the  Mathleu  modes,  a computer 
program  was  used  In  [20]  to  compute  the  total  nonlinear  response  of  the  shell 
to  the  uniform,  exponentially  decaying,  radial  pressure.  These  results  for  a 
cylinder  with  an  Initial  Imperfection  of  lxl0~*  times  the  thickness  In  each 
node  showed  that  at  the  lower  peak  preaeuree  and  total  lnpulsea  the  Mathleu 
modes  dominate  the  response.  Aa  tha  peak  pressure  and  total  Impulse  are 
Increased,  the  hyperbolic  nodes  become  more  responsive.  Near  the  dynamic 
buckling  threshold,  the  hyperbolic  modes  completely  dominate  the  Mathleu  modes. 
The  critical  dynamic  buckling  loads  computed  using  the  fully  coupled  nonlinear 
analysis  agree  very  well  with  those  of  [19].  However,  at  peak  pressures  and 
total  Impulses  well  below  the  dynamic  buckling  threshold,  stresses  In  excess 
of  the  yield  streas  were  found  In  the  shell  due  to  the  combined  response  of  the 
Mathleu  and  hyperbolic  modes. 


METHODS  OF  SOLUTION 

In  order  to  determine  whether  or  not  a structure  has  buckled  dynsmlcally,  the 
equations  of  motion  of  the  structure.  Including  geometrically  nonlinear  affects, 
must  be  solved  for  a sufficiently  long  period  of  time.  The  discrete  forma  of  the 
equations  of  notion  in  most  computer  progrsms  are  obtained  in  one  of  the  following 
general  ways!  (1)  by  approximating  the  spatial  partial  derivatives  In  either 
the  differential  fora  of  the  equations  of  swtlon  or  the  energy  Integral  with 
finite  differences  (the  finite  difference  method),  (2)  by  assembling  a number  of 
finite  elements  to  represent  the  structure  (the  finite  element  method),  (3)  by 
representing  the  solution  as  a series  of  preselected  modes  In  conjunction  with 
a trial  solution  method  such  as  Galerkln  (the  nodal  method)  or  (4)  by  some 
combination  of  the  above  three  techniques,  such  ss  representing  the  solution  as 
a series  of  harmonic  nodes  in  one  coordinate  and  using  finite  differences  or 
finite  elements  for  the  other  coordinate,  as  has  been  dons  for  the  shell  of  revolu 
tlon.  A more  detailed  presentation  of  these  methods  for  shell  analysis  is 
given  In  [21]. 

The  timewise  lntegrstlon  of  the  nonlinear  equations  of  motion  Is  usually 
accomplished  using  either  explicit  or  Implicit  Integration  methods  or  Runge- 
Kutta  type  methods.  A general  discussion  of  the  first  two  methods,  with  their 
advantages  and  disadvantages  In  nonlinear  applications,  Is  given  In  [7).  Tha 
Runge-Kutta  methods  are  usually  used  In  conjunction  with  the  nodal  method  when 
only  a few  modes  are  considered.  In  general,  Implicit  methods  require  the 
solution  of  a system  of  simultaneous  nonlinear  algebraic  equations  at  each  tine 
step,  explicit  methods  do  not.  Implicit  methods  ere  more  numerically  stable 
than  explicit  methods  for  linear  problmns,  and  hence  larger  time  steps  can  be 
used.  However,  for  nonlinear  problems  the  use  of  large  time  steps  In  the 
Implicit  methods  may  degrade  the  nonlinear  solution,  due  to  the  presence  of 
Inelastic  effects  and  high  frequency  modes  from  tha  geometrically  nonlinear 
coupling.  Furthermore,  the  numerical  stability  limits  of  implicit  methods  for 
nonlinear  problems  are  unknown  at  the  present  time.  Hence  the  time  step  used 
in  Implicit  methods  for  nonlinear  problaaM  is  usually  of  the  earns  else  as  the 
time  atep  for  explicit  methods.  The  importance  of  choosing  the  most  efficient 
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method  of  Integration  is  made  vivid  In  [7]  where  It  la  ehovn  that  a nonlinear 
analyale  of  a 31x62  node  plane  Mah  by  an  Implicit  eethod  requir-t  150  times 
aa  many  computatlona  par  time  atap  aa  the  explicit  method,  whareaa  It  raqulrea 
leaa  than  twlca  aa  many  computatlona  par  time  atep  aa  the  explicit  method  for 
the  axlayametrlc  nonlinear  analyala  of  a 100  node  cylindrical  ahall. 

The  nodal  auperpoaltlon  method  commonly  uaed  In  linear  probleae  haa 
recently  bean  propoaad  aa  an  alternate  aMthod  of  aolutlon  to  nonlinear  problema 
[22].  The  modea  and  fraquenclea  of  the  atructura  would  be  recomputed  at 
several  polnta  In  time  over  the  reaponaa  hlatory.  The  aaeunptlon  la  made  that 
the  reaponaa  la  linear  over  aach  time  Interval  between  theae  polnta.  Thla 
glvea  a kind  of  piece-vii*  linear  tranalant  reaponaa.  The  method  appaara  to  be 
moat  applicable  to  thoae  problema  In  which  only  a few  modea  are  Importent. 

A finite  element  program  for  ahalla  and  bodies  of  revolution  that  uaea 
convected  coordinatea  haa  recently  been  developed  In  an  attempt  to  reduce  the 
exceaalve  computation  time  required  for  a nonlinear  tranalant  analyala  [23]. 
Each  element  la  aaaoclatad  with  a coordinate  eyetem  that  rotatea,  but  doaa  not 
deform,  with  the  element.  The  aquatlona  of  aach  element  are  geometrically 
linear.  The  nonllnearltiaa  that  arlaa  from  large  rotatlona  are  accounted  for 
entirely  by  tranaformatlona  between  the  global  and  tha  convected  coordinatea, 
and  the  omleelon  of  the  rigid  body  motion  In  tha  etraln-dlaplacament  relatione. 
The  reaulting  finite  element  aquatlona  are  conalderably  simplified. 


MODELING  GUIDELINES 

Correct  nuaerlcal  modeling  of  a atructura  for  a dynamic  buckling  analyala  la 
more  difficult  than  for  a corresponding  llnaar  analysis.  This  la  due  to  the 
fact  that  tha  critical  mode  (or  modes)  of  behavior  la  usually  not  known  prior 
to  tha  analyala.  The  dynamic  buckling  of  the  praaaura  loaded  cylinder 
described  above  la  an  example  of  this.  When  using  computer  programs  that 
employ  tha  superposition  of  modea  technique,  care  must  be  taken  to  assure  that 
no  Important  mode  la  omitted.  Spatial  convargenca  of  the  solution  must  be 
verified.  At  tha  present  time  there  are  vary  few  guidelines  to  asalst  the  user 
In  hla  selection  of  modes  to  Include.  Use  of  a program  that  employs  finite 
differences  or  finite  elements  for  the  spatial  discretisation  does  not  avoid 
thla  problem  because  It  la  poaa'ible  that  an  Insufficient  number  of  nodes  or 
elements  might  ba  used  or  the  elements  may  not  be  properly  alxad  to  adequately 
represent  tha  buckling  behavior.  If  only  a few  modes  are  Important  then  the 
use  of  a finite  difference  or  finite  elesMnt  program  stay  be  extremely  expen- 
sive compared  to  a modal  program.  A classical  sxample  of  this  la  the  atatlc 
asymmetric  buckling  of  an  axleymawtrlcally  loaded  perfect  ahall  of  revolution. 
Only  two  modea  are  Important  here,  the  axlsyaaMtrlc  mode  and  the  critical 
asymmetric  mode.  For  very  thin  sheila  the  aayametrlc  mode  haa  many  wavea 
around  the  circumference,  and  hence  a finite  difference  or  finite  element  pro- 
gram would  require  many  more  degrees  of  fraadom  to  adaquately  modal  tha 
asymmetric  mode. 

Very  little  printed  Information  concerning  tha  uaa  of  public  and  commer- 
cially available  computer  programs  for  dynamic  buckling  haa  appeared  In  the 
literature.  Perhaps  tha  moat  revealing  atudy  to  data  la  the  comparison  of 
results  for  the  linear  and  geometrically  nonlinear  response  of  an  Impulsively 
loaded  truncated  cone  presented  In  [24].  The  codes  DTKAPLAS,  SATANS,  SHUSH, 
SHOKE,  and  UPSIL  used  either  30  elements  or  31  finite  difference  stations 
along  the  meridian  and  either  4 harmonica  or  19  stations  around  half  of  tha 
circumference.  All  programs  used  a 2 nsec  time  atep.  The  firs  programs  gave 
essentially  Identical  linear  results  for  all  response  quantities  except  the 
meridional  strain  at  the  outer  surface.  Figure  4a,  taken  from  [24],  Illus- 
trates the  agreement  between  the  results  from  the  five  codas  for  the  linear 
analysis.  In  the  nonlinear  analysis  the  Impulse  was  Increased  by  a factor  of 
25.  There  Is  fair  agreement  between  the  nonlinear  results  for  the  first 
750  usee,  as  Illustrated  In  Fig.  4b,  taken  from  [24].  Bovever,  for  later 
times  the  solutions,  except  for  DYKAPLA5  and  SATANS,  can  be  seen  to 
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progressively  diverge,6  Preliminary  etudlea  Indicate  that  the  apatlal  discreti- 
zation la  Inadequate  for  the  nonlinear  analysis.  This  la  a clear  Illustration 
of  the  necessity  for  Including  all  of  the  Important  modes.  It  also  points  out 
that  although  programs  are  avalleble  to  compute  dynamic  buckling  the  results 
must  be  verified.  Much  work  needs  to  be  done  to  develop  a greater  understanding 
of  the  Important  aspects  of  nonlinear  analyses.  The  run  times  for  7S0  steps 
for  the  linear  analysis  varied  from  11  to  26  minutes  on  CDC  6600  and  UNIVAC  1108 
computers  for  codas  that  used  a two-dimensional  discretization,  and  between  2.S 
to  5 minutes  on  IBM  360/65  computers  for  the  codes  that  used  a one-dimenslonal 
discretization.  The  large  differences  In  run  times  between  the  one-dlmenaional 
codes  and  the  two-dimensional  codas  la  due  In  large  part  to  the  fact  that  only 
four  harmonica  were  used  as  opposed  to  18  circumferential  Increments.  The  run 
times  Increased  to  26-41.5  minutes  and  7. 8-9. 5 minutes  respectively  for  the 
nonlinear  analysis. 
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Fig.  4a  Normal  displacement, 
s - 6.5  In.,  0 - 0°,  linear  analysis,  [24] 


ng.  4b  Normal  displacement, 
a ■ 6.5  in.,  6 ■ 0°,  nonlinear 
analysis,  [24] 


INITIAL  IMPERFECTIONS 

Many  static  buckling  studlss  have  shown  that  Initial  lmpsrfsctlons  In  tha  shape 
of  the  structure  have  a significant  effect  upon  the  buckling  load.  This  Is 
especially  true  for  shell  buckling  problems  like  the  axially  loaded  cylindrical 
shell  and  the  pressure  loaded  spherical  cap.  In  contrast,  only  a few  studies 
of  the  effect  of  imperfections  upon  the  dynamic  buckling  of  structures  have 
been  made  [14,  25,  26].  Nevertheless,  Imperfection  sensitivity  can  be  expected 
to  be  aa  significant  In  dynamic  buckling  as  It  is  In  static  buckling  [27]. 

Thus,  any  program  that  is  to  be  used  for  a potentially  Imperfection-sensitive 
buckling  problem  should  hava  a capability  for  Including  arbitrary  lmpsrfsctlons 
In  the  shape  of  the  structure,  either  aa  a perturbation  from  a standard  shapa 
Ilka  a cylinder  or  sphere  or  as  an  arbitrary  three-dimensional  definition  of 
nodal  space  coordinates.  The  difficulty  with  Imperfection  studlss  Is  the  fact 


^Results  from  an  updated  varalon  of  SHORE  are  different  than  those  shown 
In  Tin.  6b.  Tha  latest  results  at  a In  agreement  with  the  other  results  up  to 
600  tinec. 


I>»  \.4MIC  hiicm.im; 


309 


that  the  actual  imperfection*  In  the  real  atructure  are  uaually  not  known  at 
the  time  of  the  analysis.  Thu*,  most  atudle*  have  concentrated  upon  the  effect 
of  *one  arbitrary  imperfection,  uaually  In  the  critical  buckling  mode.  However, 
there  often  1*  a construction  specification,  such  as  the  maximum  out-of-round- 
ness  a shell  can  have,  and  this  can  be  used  to  define  an  Initial  Imperfection  in 
shape.  Much  work  needs  to  b*  done  In  this  area, 

A method  for  determining  the  dynamic  buckling  loads  of  imperfection- 
sensitive  structures  that  avoids  the  computation  of  the  nonlinear  transient 
response  has  been  presented  In  [28],  where  It  Is  assumed  that  the  perfect  struc- 
ture has  a classical  static  bifurcation  buckling  load  Due  to  very  small 
geometrical  Imperfections,  the  imperfect  structure  buckles  at  a load  less  than 
the  bifurcation  load.  Th*  assumption  Is  made  that  the  dynamic  response  can  be 
described  adequately  In  terms  of  the  deformation  pattern  that  occurs  when  the 
structure  buckles  statically.  Also,  prebuckling  inertia  Is  neglected  and  the 
degrees  of  nonlinearity  higher  then  the  lowest  are  disregarded.  Thus,  para- 
metric resonance  Is  not  considered.  The  results  of  th*  method  provide  an 
estimate  for  the  ratio  of  the  dynamic  buckling  load  to  *•  ■ function  of 
only  the  ratio  *<;/*£•  Although  ths  reliability  of  these  reeults  he*  not  been 
tested  es  yet,  the  available  evidence  appears  to  support  the  conjecture  that 
structures  that  are  lmperfectlon-seneltlve  under  etatlc  load  will  display  the 
same  property  under  dynamic  load  [14,  25,  26]. 


AVAILABLE  SOFTWARE 

In  general,  programs  that  compute  th*  geometrically  nonlinear,  transient 
raaponse  of  atructuras  can  be  used  to  predict  dynamic  buckling.  Some  of  the 
public  and  commercially  available  program*  are  ANSYS  [29],  DYNAPLAS/DYNASOR 
[30],  JET3  [32],  MARC  [33],  N0KLIN2  [34],  FETROS3  [35],  REPSIL  [36],  SABOR/ 
DRASTIC6  [37],  SATANS  [38],  SHORE  [39],  SMERSH  [40],  STAGS  [41],  TROCS  [42], 
UNIVALVE  [43]  and  WHAM  [23]. 7 Information  about  these  programs  can  be  found 
scattered  throughout  [46].  The  sources  for  these  programs  ere  given  In 
Appendix  II. 

Th*  above  programs  are  usually  classified  as  either  general  purpose 
programs  or  special  purpose  programs,  depending  upon  th*  number  of  different 
structures  they  can  treat.  The  general  purpose  cods*  for  dynamic  buckling 
are  ANSYS  and  MARC.  The  special  purpose  prograas  are  listed  in  Table  2 
according  to  th*  kind  of  atructure  or  element  they  consider. 

A comparison  of  the  capabilities  of  ANSYS,  MARC,  NONLIN2 , PETROS 3,  REPSIL, 
STACSA1,  STACSB , DYNAPLAS  II,  DYNASOR  II,  SABOR/ DRASTIC6 , SATANS,  SHORE,  and 
TROCS  Is  given  Is  Appendix  II.  Thu  information  presented  was  obtained  from  the 
CUMSTAIRS  Systems,  Lockheed  Palo  Alto  Research  Laboratory,  Palo  Alto,  California 
[47]. 


7The  nonlinear  dynamic  response  programs  for  two-dimensional  solids  and 
three-dimensional  bodies  of  revolution,  such  as  AFTON,  DYNS,  HONDO,  NONSAP, 
PISCES  and  T00DY  will  not  be  discussed  hers.  These  codas  do  not  have  plate  or 
shell  elements;  hsnes,  any  plat*  or  shall  structure  requires  several  elements 
through  the  thickness  [44].  Descriptions  of  these  elements  ere  In  [45]. 
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Table  2 Special  Purpose  Program 


Bean 

Ring 

Plate 

Shell 

Shell 

Axlsym. 

of  Revolution 
Arbitrary 

N0NLIN2 

UNIVALVE 

WHAM 

JETS 

N0NLIN2 

UNIVALVE 

WHAM 

IMAN 
PETROS 3 
REPSIL 
STAGS 
(WHAM) 

WHAM 

DYNAPLAS/ 

DYNAS0R 

SAB0R/ 

DRASTIC6 

SATANS 

SMERSK 

SHORE 

TROCS 

A brief  deecrlptlon  of  the  code*  not  contelned  In  Appendix  B follow*: 

IMAN:  Finite  element  (curved  quadrilateral  ehell  *l**i*nt) , Runge- 

Kutta  Integration,  elaatlc,  FORTRAN  V,  UNIVAC  1108,  EXEC  8,  1800  card*, 
available  from  COSMIC. 

JET3:  Finite  slsnent  (atructural  ring,  complete  or  partial,  arbitrarily 

curved  with  variable  thlckn***),  explicit  or  Houbolt  Implicit  Integration, 
elaat lc-pla«t lc . 

SMERSB:  Finite  difference,  two  bonded  concentric  ahell*  of  revolution 

to  arbitrary  Inpul**  and  Internal  etreaa  loading,  explicit  Integration, 
elaat lc-plaatlc,  FORTRAN  IV,  Halted  dlatrlbutlon. 

UNIVALVE:  Finite  difference  (bean*  and  ring*,  arbitrary  load*),  explicit 

Integration,  elaetlc-plaetlc,  available  froa  COSMIC. 

-WHAM:  Finite  elanent  (bean  -20  and  30,  flat  triangular  plate  -2D  and  30, 

axlaynaetrlc  ahell  and  body  of  revolution),  explicit  Integration,  elastlc- 
plaatlc. 


SUMARY 

Thla  chapter  conalder*  computer  prograao  for  the  dynamic  buckling  of  beaa, 
plat*  and  ahell  type  itructure*  due  to  deterministic  force*.  The  material 
presented  1*  Intended  to  asslat  the  analyst  In  his  selection  of  the  proper 
software  and  In  the  development  of  a meaningful  numerical  model  for  dynamic 
buckling.  Several  example*  of  dynamic  buckling  ara  described  to  Illustrate  the 
the  various  aspect*  that  must  be  considered  such  aa  snap  buckling,  asymswtrlc 
buckling  and  parametric  resonance.  The  most  common  methods  of  solution  are 
briefly  discussed  and  soma  modeling  guidelines  ara  given.  Results  from 
several  programs  are  presented  for  two  examples  to  indicate  the  degree  of 
agreement  that  can  be  expected  from  current  programs.  The  effects  of  Initial 
Imperfections  are  briefly  considered.  Most  of  the  public  and  coamerclally 
available  programs  for  the  geometrically  nonlinear,  dynamic  analysis  of  thin 
beam,  plate  and  shell  structures  are  described  In  considerable  detail  using 
Information  from  the  C0M8TAIRS  Systems.  User  evaluations  of  many  of  the  pro- 
grama  are  listed,  and  the  sources  for,  and  references  to,  the  programs  ara 
provided , 
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REPSIL 
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APPENDIX  I 

SOURCES  FOR  THE  COMPUTER  PROGRAMS 


Swanson  Analysis,  Inc.,  870  Pina  Viaw  Drlva,  Elisabeth, 
PA  15037 

Prof.  H.  Halalar,  Dope,  of  Aarospaca  Eng.,  Texas  ASM 
Unlv,,  Collaga  Station,  TX  77843  (COSMIC) 


K.  K.  Gupta,  Jet  Propulaion  Lab.,  Pasadena,  CA  (COSMIC) 

Prof.  E.  Wltacr,  Dapt.  of  Aaronautlca  and  Astronautlca, 
MIT,  Caabridga,  MA  02139 

Dr.  P.  Marcal,  MARC  Analysis  Corp.,  105  Madway  St., 
Providsnea,  RI  02906  (CDC-CYBERNET) 

J.  Andarson,  Sargant  6 Lundy,  1405,  Daarborn,  Chicago, 

IL  60603 

Dr.  N.  J.  Buffington,  Jr.,  U.  S.  Army  Ballistic  Raaaarch 
Laboratory,  Abardaen  Proving  Ground,  MD  21005 
(Government  uaars) 

Saa  PETROS 3 

Dr.  S.  Klein,  Ohio  Ford  Corp,,  Ford  Rd.,  Newport  Baach, 
CA  92663 

Prof.  R.  Ball,  Coda  57Bp,  Naval  Postgraduate  School, 
Monterey,  CA  93940  (COSMIC,  Raf.  LAR-11109) 

P.  Underwood,  Lockheed  Palo  Alto  Research  Lab.,  2351 
Hanover  St.,  Palo  Alto,  CA  94304 
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B.  Alaroth,  Lockheed  Palo  Alto  Research  Lab.,  3251 
Hanover  St.,  Palo  Alto,  CA  94304 

R.  Kralg,  Analytical  Developaent  Dlv.,  Sandla  Lab., 
Albuquerque,  NM  87115 

Prof.  T.  Belytschko,  Dapt.  of  Materials  Engineering, 
Unlv.  of  Illinois,  Chicago  Circle,  IL  60680 
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APPENDIX  II 


COMPARISONS  OF  ANSYS,  MARC,  NONLIN2,  PETROS 3,  REPSIL,  STAGSA1 , STAGSB, 
DYNAPLAS  II,  DYNASOR  II,  SABOR/DRASTIC6,  SATANS,  SHORE,  AND  TROCS  FROM  THE 
COMSTAIRS  SYSTEMS 


Thla  appendix  contain*  a computer  printout  Hating  the  propertlea  of  the  pro- 
gram*. The  key  to  reading  the  column*  follow*: 


column 


program  deacrlbad 


1 

2 

3 


6 

7 

8 
9 

10 

11 

12 

13 


ANSYS 
MARC 
N0NLIN2 
STACSA1 
STAGSB 
PETROS 3 
DYNAPLAS  II 
DYNASOR  II 
REPSIL 

SAB0R/DRASTIC6 

SATANS 

SHORE 

TROCS 


Geomatry  and  Boundary  Condition* 


01 

02 

01 

ON 

01 

08 

07 

08 

09 

10 

11 

12 
II 
14 
14 
18 

17 

18 

19 

20 
21 
22 
21 
24 
24 

;? 

28 


till 

lt34SG7MRI83 

6ENErAL  STRUCTURE  XKee. ••«»•»•• 

SOUO  OF  REVOLUTION,. XX., 

GENERAL  4NEIL XX.XXX,.X..,. 

RANT  OF  SMFLL  OF  REVOLUTION  ( L.T,  180  DEG,  XX.XXXX.V..XX 

smell  of  revolution  (1*o  of«,i  xx.xxxxxxxxxx 


pr»'f smAt i t stri ir ti me 

xxxxx, 

SEGMENTED  (IN  SERIESl  

XX.XX....X.,, 

RRgNCHEO  , 

XX..X....X,.. 

SHELL  WITH  CUTOUTS  

XX. XX 

THICK  SHELL  

XX,,..,.,,,,. 

FRAMEWORVmSHEI L C0HR1NATI0NS  

XX. XX. 

flat  elite  of  oeneral  share  

xx.xxx,,*,,,. 

OTHER  GFamFTRV— fEE  SECT.*.  1.11  ...... 

XX. .........X 

AXtSVMMETRIC  IMPERFECTIONS  

XX.**....*.., 

general  imrerrfctions  

XX.XX, 

AXISVMMETRIC  SIIRRORT  CONDITIONS 

xx.xx.xx,.*,. 

GENERAL  SURRORT  CONDITIONS  

SUPPORTS  AT  ROUNOARIES  ONLY  

XX, XX, XX, XX,, 
XX...X..X.XXX 

SIIRRORTS  AT  INTERNA!  POINTS  

xxxxx, xx.x.x. 

ELASTIC  FOUNDATION  

XXX x.xx 

STIFFENERS  

XX, XX, , • ,x, , , 

CONTACT......  

XX,..,,,,,,,, 

FRICTION  

XXX 

SLIDING  WITHOUT  FRICTION  

XX.XX,,,,,,,, 

OTHER  DfEORHATION  DEPENDENT  SUPPORT— SEE  SE 
JUNCTURE  COHRaTIRILITY  

.x.......,.x. 

XX. .X .... 

StNtUlAftITY  CfH|ft7Tf (>n4  ••«••••••••«••••••  • « # * * 

«tNt*Al.  LVMtAH  fANSTAAfWT  CANO.  Ilfft*  TlVf 

<-•  /ViifcWfo*  l'  r± 


- i I i -it; 

- - - - T •-  , 


5V.c 
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lilt 

1 83496789ft 23 


29  GENERAL  NONLINEAR  CONSTRAINT  CONDITIONS  XX 

10  transition  from  i-n  to  2-d  rfgidn  xx 

11  TRANSITION  from  2-0  TO  1-0  RF6ION  XX 

18  other  constraint  Conditions— see  sect. a.  i xx 

11  LAG"ANGF  MUITIPLIER  METHOD  II5F0 XX 


Wall  Construction  and  Material  Properties 


till 

1834967890183 

01  MONOCOOiiF  WAI.I  CONstbIICtION  xx.xx.xx.xxx. 

08  I AVFRFO  WM  t CONSTRUCTION,,,,, XX, XXX XX 

oi  SANDWICH  MALI.  CONSTRUCTION  XX, X,, 

ON  COMROSITF  MATERIAL  XX. XX 

05  MERIDIONAL  STjeffNcRS  TRCaTFO  AS  OIScRFTF  xx, xx 

06  CIRCUM,  STIFFFNFRS  TREATED  AS  OISCRFTF  XX.XX, X, ,X, , , 

07  GENERAL  STIFFFNFRS  TREATED  AS  DISCRETE  *X.,X 

08  STIFFFNFRS  TRFATFO  AS  SMEARED  XX.XX 

04  GENF"AL  OREN-SFCTION  THF"RV  FOR  STIFFENERS  XX.XX.X 


11  OTHER  WA(L  CONSTRUCTION— Sff  SECT. 8.  8.11  .X.XXX 

12  ISOTRORIC  MATERIAL  RRORfRTIES  XX.XXXXXXXXXX 

II  ANISOTROEIC  MATFR1AI  RRORERTIES XX.XX,  ,X,XX 

IN  LINEAR  ELASTIC  MaTFRIAI  RRORERTIES  XX. XXX, XXXXXX 

15  NONLINEAR  ELASTIC  MATERIAL  RRORFRTIFS X X... 

16  TEMPER  ATIIRF-OFPFNOFNT  MATERIAL  RRORFRTIFS  XX. XXX X. 

it  rigio-rerffctlv  elastic  Material  

18  ELASTtC-RERFECTLT  RLASTjC  NATER|A|  XXXXXX.. XX. X, 

19  elastic-linear  strain  hardening  matfrial  XXX X.XX 

80  STRESS-STRAIN  CURVE  of  nanv  line  SEGMENTS  xx.xxxx.xx,., 

21  RAMRER6-0S600D  STRESS-STRAIN  LAW  ......  .X 

82  isotropic  strain  hardening  ............  **. 

81  kinematic  strain  hardening  ............  XX...X..X.... 

2N  WHITE-RESSELING  HAR0FNIN6  LAW  XX. X 

2S  OTHER  POST-VIELO  LAW— SEE  SECT. 8.  2.8S  XX. 

86  PRIMARY  CRFEP,... ** 

87  SECONDARY  CREEP  XX.. X 

88  VISCOELASTIC  MATERIAL  X 

29  STRAIN-RATE  EFFECTS  INCLUDED  X..XX.X,... 

10  no  spatial  variation  of  properties  x.,x,,,x 

11  AXISYmmFTRIC  VARIATION  OE  PROPERTIES  ONlv  ......XX.. X.. 

12  ARRITRARY  VARIATION  op  properties  XX.XX, ,,, X, , , 

11  COUPLING  OF  STRAINS  AND  CURVATURE  CHANGES  ,X,XXX, ,X, ,XX 
IN  COUPLING  of  normal  and  IN-PLANE  shear X.XX,,,,,,,, 


Loading 


IIII 

1834867891183 


> 


01  UNIFORM  DISTRIBUTION  OF  LOADS  

08  AXjSVMMfTRIC  VARIATION  OF  LOADS  ONLY 

01  GENERAL  VARIATION  OF  LOADS  

ON  STATIC  OR  OUASI-STaTIC  L«»0  VARIATION,,,,,, 
Or  GENERAL  TRANSIENT  VARIATION  OF  LOADS  ,,,,,, 
06  PCRiODfC  IDYNAHiCI  VARjATjON  OF  LOADS. 

ot  impulsive  loads  


X. . XX. . . .X. . . 

X 

xxxxxxxxxxxxx 

XXXXX....XX,. 

XX.XXXXXXXXXX 

xxxxx. ....... 

xxxxxxxxxxxxx 
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08  LOADS  VARYING  P4NROMLY  IN  TIME  

08  OTHER  TEMPORAL  VARIATION  OF  LOADS— SEP  SECT 

10  10*05  VARYING  PROPORTIONALLY  DURING  CASE 
M SOm*  LO*OS  VA»Y.  SOME  CONSTANT  0118^6  CASE 
12  OIFFERFNT  LOAM  HAVE  DIFFERENT  TIME  HISTOR! 

11  RUaSI-STaTIC  10*05  VARYING  CVCLtCI V RISING 

1 14  OTHER  M*NNFP  OF  10*0  V**t*riON  DURING  C*SP» 

15  LJVC  (FpiLOWjufil  1.08O5  .................. 

16  GYROSCOPIC  L0»05  ,,,, 

IT  INERT! At  L0*05  

18  ELECTROMAGNETIC  L0*05  

19  FLUID-STRUCTURE  INTERACTION  

20  ACOUSTIC  LOADING  

21  SOli-STRHCTURC  INTERACTION  

22  81610  SOLID.STRUCTHRF  INTERACTION  ...... 

21  0TMF8  DEFORMATION-DEPENDENT  TYPE  OF  L0I0TN6 
2M  POjNT  10*05,  M0MFNT5  

25  LINE  LOtoS,  MOMENTS 

26  N08M»L  PRESSURE  

27  SURFACE  TRACTIONS  

28  BODY  F08CFS  

29  OEaD-WEIGHT  L0*n!N6 

10  TMp8M»L  LOADING  

11  InITIAl  5T8F55  08  STRAIN  

12  CENTRIFUGAL  L0»0IN6 

11  NOn-TERO  DISPLACEMENTS  IMPOSED  

1i*  0THF8  TV8F  OF  LOAOING--SFE  SECT, 8,  l.li, 


mi 

1 83456789* 1 83 

XXX 

.« 

xxxxx,xx,,x,, 

XX.XX....X... 

XX x,xx 

XX 

.* 

XX. X 

.X 

XXX X.. 


xxxxx.xx.x.x. 

xx.xx.xx.x.x. 

xx.xxxxxxx.xx 

xx.xx.xx.xxxx 

xx.xx....x... 

XX. XX. XX 

xxxxxx , x . ,xx, 

XX X. 

XX 

XXXXX....X... 


Phenonena 


AXIsVMMETftfC  (MALL  DEPLETIONS 

6ENF81L  SMALL  DEFLECTIONS... 

*XlSVMMET8fC  L*»6E  OEFI  FCTIONS  

GENERAL  LA86E  OFFLECTIONS 

*XISVMMETR!C  PLASTICITY  

6ENFRAI  PLASTICITY 

LA86F  STRAINS 

TRANSVERSE  SHEAR  DEFORMATIONS  ,,,,, 

THERMAL  effects  

RADIATION  EFFECTS  

automated  yield  criterion 

AUTOMATED  FRACTURE  CRITERION  

AUTOMATED  fatisof  CRITERION  

AUTOMATED  RUCKLING  criterion  ............ 

OTHER  BUILT-IN  CRITERIA— SEE  SECT, 8,  N.  IS 

NONLINEAR  COLI aFSE  analysis  

P0ST«8IICxLTN*  phenomena  

BtFURC.  RUCKLING.  LINEAR  AXISYM.  PRESTRESS 
8IFURC,  RUCKLING,  LINEA"  GENERAL  PRESTRESS 
8!FU*C,  RUCKLING,  NONLTN,  AXISYM.  PRESTRESS 
BtFURC.  RUCKLIN6,  NONLIN.  GENERAL  RRESTRESS 
RIFURC,  RUCKLING,  PREBUCKLIN*  ROTATIONS 
BtFURC,  RUCKLING,  TRANSVERSE  SHEAR  REFORMAT 
BIFURCATION  RUCKLING  WITH  OTHER  EFFECTS— SE 

DYNAMIC  RUCKLING  

HODA|_  VIBRATIONS  WITH  no  PRESTRESS  


1111 

183456789*183 
XX. XX ....X... 
XX, XX .,»,x,,, 
XX.XX....X... 

xxxxxxxxxxx,, 

XX.XX....X.,, 
XX, XXX. .XX, , , 
X..X.,.. 


XXX, 

XX.XXX.X..X, 

XX 

XX...XX.X..X 


XX. XX X 

• X .XX  ...... 

. X , XX. . . , . . 

,x,xx,..,., 

.x......... 

.x......... 

,x......... 

.x......... 


.X...XXXXXXX 
XX. 
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mi 

I 23496789*183 

27  HOOAL  VIBBATIONS,  I 1NEA#  AXISYM,  BBFST7ESS  ,X 

2A  MODAL  VIBB»T|0nS,  LINFA#  C.FNFBAL  ,X 

t 1 MODAL  VIBBATIONS,  NONLIN,  AXISYM,  FBES1BFSS  .X 

10  MODAL  VIBBATIONS,  NONLIN,  fiFNFBAL  BBeSTfeSS  ,X 

11  MOpAL  VIBBATIONS,  TBANSVFBSE  SHF*#  OEEOBMAT 

12  NOpAL  VIBBATIONS  MJTH  OTHF#  EFFFCT5--5FF  SF  


11  NONLINFA#  VIBBATIONS  , X 

m AXISVhmETBIC  DYnAmIC  BFSBOnSF XX. XX. ...V, XX 

15  LINFA#  BFNEBAL  DYNAMIC  BESFONSE XX.XX. . . ,X,XX 

16  nonlihfa#  axisymmftbic  DYNAMIC  bfsfdnsf  yy.y*. 

17  NONLINFA#  fiFNFBA!  DYNAMIC  BFSBONSF  XXXXXXXXXXXXX 

10  N*VF  FBfl#A«ATION  X 


11  0VNAHIC  BESfOnSF.  TBAnSVEbSE  SHEA#  DEFo#mAT  ..X 

NO  DYNAMIC  BESFONSF  WITH  OTHF#  EFFECTS  INCU'DF .....X 


n i viscous  o*m#in« 

N2  ST#UCTIJ#*I.  OAMFIN0 
N1  LINEA#  OAMFINfl 


NN  NONLINE*#  DAMFIN#  .X. 


XX XX 

XX.XX. ...X... 
XX.XX .XX 


NS  OTWE#  WIND  OF  DAM#!Nfi— see  SECT,#,  N.NS 

146  FLIlTTF#.  , . 

NT  OTHF#  DYNAMIC  FHENOMENAf-SEF  SECT.#,  N.N7 

NS  OTHF#  fhfnomena  of  any  find— see  sect.#,  n. 


Discretization 


1111 

183156709*123 

01  MU|  TI.SFCMFNT  FO#Wa#D  |NTF6#ATI0N  X 

02  OALFBKIN  METHOD  

01  BAYLEI6M-BIT2  method  *.... 

04  #0HNDA#Y  FAINT  MaTCHINC,  

05  ElNfTE  D|FF . hFTmOD  BASED  ON  E*IIil|##|Um  F(j X.  .X  .XXX 

06  finite  oiffenencf  FNE#«y  METHOD,,,,... XX 

OT  I-OIMENSIONAL  einitf-oiff,  discbetiiation  X., 

0#  0#THO«ON*L  2-0|M,  FIN|TF«DlFFE#FNcF  «#l0  ...X*. XX 

01  NOn-0#THo«ONA(_  2-OIh.  FInTTE-OIFF,  6# ID  ...XXX..X.... 

10  0ENE#AL  BHAONILATEBIAL  2-D  F|NITE.OlFF,«#IP  ...XX,,,..,,, 
||  OTHF#  F1NJTF-0IFF.  DISC#ETIFATI0N  SCHEME— 


•••••• 1 

X. 


12  FOIIFIF#  SE#IFS  IN  Cl#CUMFF#ENTI»L  DI#FCTtDN 

in  #od  element  xxxxx. 

15  ST#AI«HT  BEAM  ELEMENT  

16  CUBVED  BEAM  FIEMFNT 

IT  CONICAL  SHELL  EIFMENT  ,,,,, 

IS  AXISYM,  SHELL  ELEMENT  


"x*I! 


II  FLAT  MEMBBANE  ELEMENT 




.XX...X 

XX....XX.X... 

XX....XX.X... 

.X 

XX.XX 


20  ELAT  MEMBBANE  FOMENT 

21  CUBVED  MEMBBANF  ELEMENT  

22  CUBVEO  MEMBBANF  ELEMENT  ,,,, X, 

21  El  AT  ELATE  ELEMENT  XX, , , , XX, , . , , 

2N  FLAT  ELATE  ELEMENT 

25  SHALLOW  shell  ElEMENT  X 

26  SHALLOW  SHELL  ELEMENT  ..XX 

27  DEE#  SHELL  ELEMENT  .X....XX 

20  AXISYM.  SOL  10  ELEMENT  XX 

21  AXISYM,  SOLID  ELEMENT  ..................  .X 

10  THICK  ELATE 

11  THICK  SHELL 

12  SOLID  ll-O) 

11  SOLID  11-01 
IB  SOlIO  11-01 


ElEMENT XX, 

ELEMENT,, XX, 

ELEMENT,,,,,,..,,.,,,,., XX, 

ELEMENT XX, 

element ... 
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I 


;5 


nil 

1 834567898 1 83 


is  element  

16  OTHER  T VRE  OF  ELEMENT  

17  FORCE  METHOD  OH  OTHER  METHOD  

IS  INcOMRATIRLE  OISRLACFMFNT  FUNCTIONS  USED 

is  surstriicturino  

10  RErEATED  USE  or  identical  surstructures 

11  NODES  cm  RE  INTSODUCED  IN  ARRITRARV  OSnES 

15  AUTOMATIC  SENIIMSESJNS  OF  NODES 

16  NON-OIARONAl  NASS  MATS!* 

MT  DIAGONAL  MASS  MATS!*  


.X 



*,,,.,,. 

XX... 

X,., 

.X 

XX.....X.X... 

.xxxx 


1 


Solution  Method! 


Nil 

1 834367896183 

01  FuU-HAtnIX  EAI(AtION  SOLVES  X... 

02  constant  sandwioth  equation  SOLVES  X...XX.XX.. 

01  SXVL1NF  MfTMOn  OF  SOLUTION  USED,,,,... X.XX... 

01  MATS!*  SASTITT0N1N8  USED X... 

05  WAVE-FRONT  METHOD  USED  FOS  SOLUTION  ......  XX X... 

06  OTHER  SFaRSF  MaTSI*  METHOo  USED  FOS  SOL'N— 

OT  ITERATIVE  METmoO  FOR  SOl"T|ON  OF  LINEAR  

08  CON Jl  16 ATE  6RAOTENT  METHOD  FOS  SOL*N  OF  UN 

09  FORWARD  INTESSaTTON  USED  FOS  SOL  IN  OF  LIN,  

10  OTHER  SOLUTION  METHOO  FOS  LINEAR  EAMaTIONS  

11  CONDENSATION  METMOO—SEE  SECT. 8.  6.11 X 

12  LR.OS  METHOD  FOR  EIAEMVaLUE  extraction  X 

•1  L*nCTOS  hETMOD  For  E!6FnVAlUE  extraction  

II  STURM  SEOUENCE  METHOO  FOR  EI6ENVALUF  FXTSAC  

15  DETERMINANT  SEARCH  FOR  E I (JEN  VALUE  EXTRACTtO  

16  SIN6LE  VECTOR  INVERSE  RMS  ITER.  WITH  SHIFTS  .X.XX 

IT  MULTI-VECTOR  (SUNSRACE)  ITERATION  FOR  EI6EN  .X 

I|  OTHER  EI8EMVAUJE  EXTRACTION  method--sbc  sec  

IS  FULL  kEWTON-RARHSON  METHOD  FOR  NONI  |N,  SOLN  

20  MODIFIED  newton  METHOO  FDR  NONLINEAR  SOL'N  ...XX,.,...., 

21  INCREMENTAL  METHOD  WITH  NO  EOUIl.tR,  CHECE  *,,,* 

22  INCREMENTAL  METHOO  WITH  E9UILI8RIUM  CWteX  .XX,.....,... 

21  RIJN6E-XUTTA  TVRF  OF  INCREMFNTAL  METHOD  

2u  OTHER  TVRE  of  INCREMENTAL  METHOD— see  sect, 

2s  direct  enersv  search  for  nonlinear  solution  

26  DYNAMIC  RELAXATION  FOR  NONLINEAR  SOLUTION  ...XX 

2T  NONLIN,  ER,  SOLVED  RV  SUCCESSIVE  SUiSTlT'ITI  ,X XX,, 


28  OTHER  NONLINEAR  STRATE6V—  ............ 

2S  LA6»AN«!aN  FORMULATION  

10  UNDATED  lA6RAn6IAN  FORMULATION  

11  EUlERlAN  FORMULATION  ............. 

12  TIME  INTESRAT10N  RV  MODAL  SURERROSITION  ,X 


11  TIME  interration  RV  EXRLICIT  METHOO  .X.XXXX.X..XX 

IN  TIME  INTERRATIDN  RV  IMRLICIT  METHOD  XX. XX, XX, XX,. 

15  TIME  INTE6RATI0N  RV  EULER  (CONST,  ACCEL.)  

16  TIME  INTCRRATfON  RV  NEWMaRK  RETa  METHOD,  SE  ,XX X... 

IT  TIME  !nTE6RATT<|N  RV  RIIhRF-KHTTA  oF  

18  TIME  INTERRATION  RV  HOUROLT  METHOD  ......  .X,,,,XX.,X,, 

IS  TIME  InTERRATIon  «V  WILSON  HETHoO  

NO  TIME  INTERRATION  RV  CENTRAL  DIFFERENCE  HCTM  .X.,,XX,X,,XX 

N | TIME  INTERRATtoN  RV  STIFFLV-STARLE  METHOD  ...XX,, 

62  TINE  INTERRATION  RV  RREDlCTOR-CORRfCTOR  OF  ...XX., 
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Ml  T|ME  lNTFGBAT|rtN  BY  mU(TI-STFP  METHOD XX 

MM  TIME  INTEGRATION  BY  SOME  OTHER  METHOD— SEE  

MS  OTHER  COMMENTS  PERTINENT  TO  THIS  SECTION— S 


Computer  Program  Distribution,  Documentation,  Organization  and  Maintenance 


01  sOnftCE  BflOOglM  T»pE  AVAILABLE  ............ 

02  SOURCE  PROGRAM  CARDS  AVAILABLE  

01  PROGRAM  ABSOLUTE  ELEMENT  ONLY  AVAILABLE 
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05  PROGRAM  PRICE  IN  OOLl l»S— SEE  SECT.*,  T.OS 
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IM  USERS  MANUALS  ARE  SElE-COnTA InED  
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IT  USE"S  MANUALS  HAVE  PLOW  CHARTS  

IB  users  manuals  give  theory,.,,, 

19  OTHER  4UALITIES  OF  USERS  MANUALS—  

20  PROGRAM  LANGUAGE  IS— SEE  SECT.8.T.E0  

21  PROGRAM  RUNS  ON  ISM, 

22  PROGRAM  RUNS  ON  CDC 

21  PROGRAM  RUNS  ON  UNJVAC  ... 

2M  PROGRAM  RIJNS  ON  OF  

2S  PROGRAM  RUNS  ON  COMPUTER  IDENTIFIED  IN  SECT 

28  NO.  OF  PRIMARY  OVERLAYS  

MAN-YEARS  RERUIRED  TO  DEVELOP  PROGRAM  * 

11  MINIMUM  CO»E  SPACE  REOUIRfO  FOR  EXECUTION 
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16  RESTART  CAPABILITY  

IT  OPTIONS  FO»  VARIOUS  OUTPUT  ....... 

18  OIRECT  ACCESS  DATA  BASE  

19  FReE-FIELO  INPUT  

MO  RUNS  in  INTERACTIVE  mode  .................. 
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M2  AUTOMATIC  LOADING  GENERATOR  ....... 
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M6  EIGENVALUE  SOLVER 

MT  MODAL  SUPERPOSITION  ROUTINE  
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49  OTHER  CAPABILITY— SEP  SECT,*.  7,49 

50  PLOT  BOUTINAS  pOR  UNWpORMEd/DEFO*"ED  «pOMp 

51  VApIOlJS  VIEW*  AND  5ECTIONs  PLOTTED  

52  CONTOUR  PLOTS 

SI  ORDINARY  V ■ F|XI  PLOTS  

SM  STRESS-ON-STRUCTURf  PLOTS,,,,,,,,,,,,, 

55  oTNER  XInOS  oE  PLOTS— see  sHr ,H» 

56  plotting  capability  for  CALCOHP.,, 
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INTRODUCTION 

Two  methods  to  study  the  optimal  dynamic  recponea  of  a structure  are  the  di- 
rect ayntheele  method  and  the  limiting  performance  method.  Both  approaches 
can  ba  used  to  seak  to  minimise  (or  maximise)  some  measure  of  the  system  motion 
responsa  that  raaults  from  external  systaa  excitations. 

Several  Investigators  [1  - 6]  have  developed  software  for  the  direct  syn- 
thesis method.  The  response  of  the  structure  is  to  be  optimised  by  Judicious 
selection  of  system  parameters  which  are  typically  spring  constants  and  damping 
coefficients.  Constraints  are  usually  Imposed  on  the  values  of  these  parame- 
ters. By  repetitively  Integrating  the  system  aquations  of  motion,  one  of  the 
gradient  following  search' routines  is  used  to  find  the  optimizing  set  of  sys- 
tem parameters. 

An  alternative  approach  to  dynamic  response  optimisation  Is  to  seek  the 
limiting  performance  of  the  system.  The  structural  elements  which  are  to  op- 
timise the  system  response  are  replaced  with  generic  control  forces.  The 
aquations  of  motion  are  expressed  In  terms  of  these  control  forces  and  solved. 
In  this  fashion,  the  performance  Index  and  constraints  on  various  rssponse 
quantities  can  be  expressed  as  linear  combinations  of  the  dlscratlsad  control 
forces.  The  control  forces  can  be  nonlinear,  although  the  rest  of  the  system 
must  be  linear.  A linear  progressing  algorithm  Is  then  used  to  solve  for  the 
set  of  discretized  control  forces  which  both  optimizes  the  system  response 
and  satisfies  the  constraints  laqtosed.  The  process  Is  analogous  to  control 
system  optimization  without  state  feedback.  The  resulting  system  rssponse 
Is  the  best  possible,  or  Uniting  performance  of  the  system.  The  time  history 
of  each  generic  controller  along  with  the  relative  motion  tins  history  across 
the  controller  can  be  translated  Into  terms  of  spring  constants  and  damping 
coefficients  by  use  of  an  Identification  technique  such  us  least  squares  curve 
fitting. 


SOnVAXZ  FOR  LIMITING  PERFORMANCE  ANALYSIS 

I 

Three  codes  are  available  for  limiting  performance  analysis.  These  are  COS I 
i (Configuration-free  Optimum  Shock  Isolation),  PERFORM  (Performance  Optimising 

Computer  Program),  and  SYSLIPEC  (Steady-stats  Limiting  Performance  Cods).  All 
three  of  these  codes  are  prs-  and  postprocessors  for  use  with  the  Control  Data 
Corporation  OPTIMA  linear  programming  package.  In  addition,  PERFORM  has  been 
modified  to  operate  vlth  the  CDC  APEX  linear  programming  package,  and  SYSLIPEC 
has  been  modified  to  run  with  a small  linear  prograamlng  cods  from  IBM  called 
RSMSUB. 

COSI  optimizes  the  response  of  the  system  shown  In  Fig.  1.  Discretized 
time  histories  of  the  control  forces  (Uj,  1 • 1,  4)  are  determined  such  that 


i 
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the  objactlve  function 


J - aax  {max  ojzil,  max  02 1 X2 1 * mu  1 9 1 > 


(1) 


la  minlmizad.  Conatralnta  arc  lapoaed  auch  that 


1*1  + «8 | < ti 

1*1  - «e|  i «i 
1*2  - be|  < c2 
|x2  + de | s c2 

Output  conalata  of  tabular lxad  valuaa  of  (u^  i • 1, 
Tha  uaar  auppliaa  aubroutlnaa  to  ganarata  horizontal 
of  the  baaa  of  the  ayataa. 


Fig,  1 Syataa  optimized  by  COSI 

PERFORM,  Ilka  COSI,  conalata  of  a praprocaaaor  and  a poetprocaaaor  for 
the  OPTIMA  linear  programing  package.  Unlike  tha  flxad  eyetem  configuration 
of  COSI,  PERFORM  will  optlmlia  any  dynamic  ayataa  of  firat  or  eec«nd  order  for 
which  tha  equation*  of  motion  ara  linear  In  tha  atata,  control,  and  Input  func- 

The  dynamic  ayataa  can  be  deacrlbed  and  input  to  PERFORM  ualng  t.na  firat 
or  aecond  order  a qua t Iona 


(2) 


A)  at  each  tlaa  atap. 
and  vertical  acceleration 


a ■ A*  ♦ Bu  ♦ Dffc 
Mq  + Cq  + Rq  + Uu  ■ F?^ 


in  which  u la  a vector  of  tlaa  varying  ftmctlona,  called  control  or  laolator 
forcea,  that  have  replaced  portlona  of_the  dynamic  ayataa.  A,  B,  D,  J,  £,  E, 

U,  F ara  coefficient  aatrlcea.  a and  q are  vectora  of  raapof**  variablea,  e.g., 
dlapiaceaenta,  atraaaaa,  accaleratlona.  la  a forcing  function  vector  where 
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the  eubacrlpt  k designates  the  kth  eat  of  forcing  or  loading  functlona.  Thla 
allova  the  system  to  encounter  alternative  aata  of  dlaturbancaa  which  might 
occur  with  equal  probability. 

The  acceptable  aquatlone  of  notion  appear  to  be  linear.  In  fact,  how-_ 
ever,  they  are  "quaelllnaar"  alnce  thoae  portlona  of  the  eyetea  replaced  by  u 
can  be  linear,  nonlinear,  active,  or  paaalva.  The  remainder  of  the  eyatea 
must  be  linear  ae  auet  the  overall  klnaautlce. 

The  uaar  auet  place  hie  equatlona  In  one  of  the  forma  of  the  above  squa- 
tlone.  The  nontaro  eleaenta  of  the  aatricee  A,  D or  M,  C,  It,  U,  F are  than 
are  then  entered  ae  lnputa.  Thla  la  accomplish*  by  Identifying  the  matrix, 
e.g.,  M MATRIX,  and  than  epeclfylng  an  element  and  ita  value,  a.g.,  1,  J, 
and  M^ 4.  Eleaenta  not  entered  are  aaauaed  to  ba  taro. 

PERFORM  flnda  the  cheracterlatlca,  Including  fl  and  tradeoffs  between 
optimal  reaponae  varlablea,  of  the  dynamic  ayetam  auch  that  bounds  on  soma  of 
the  reaponae  varlablea  i or  5 or  control  forcaa  u era  not  violated,  while  the 
maximum  (or  alnlmum)  In  tlma  of  other  alaaMnta  of  i or  $ are  minimised  (or 
maximised) . 

Regardless  of  tha  form  (first  or  aecond  order)  uaad  to  describe  tha  e- 
quatlons  of  motion,  tha  formate  for  tha  objective  function  and  constraints  are 
the  aaae.  In  tha  caaa  of  tha  aecond  order  aquatlone,  a state  variable  vector 

a la  established  as 


Any  llnaar  combination  if  state  variables,  derivatives  of  state  variables,  or 
control  forces  can  ba  used  as  an  objective  function.  In  tha  case  of  tha  sys- 
tem described  by  aecond  order  aquations,  theaa  become  llnaar  combinations  of 
accelerations,  velocities,  displacements,  and  control  forces.  Tha  objective 
function  la  input  to  PERFORM  In  tha  form 


PXla  + PX2  i + PX3f  k 


where  PX1.  PX2  and  PX3  are  coefficient  matrices.  If  more  than  one  row  of  the 
matrices  of  this  aquation  contains  nonsero  element  a,  then  the  peak  valuaa  In 
time  of  the  vectors  resulting  from  the  meaningful  rows  are  to  be  compared. 
PERFORM  minimises  (maximizes)  tha  maximum  (minimum)  of  tha  peak  values. 

Constraints  may  ba  placed  on  atate  variables,  derivatives  of  stats  var- 
iables, and  control  forces.  The  general  fora,  which  is  again  llnaar,  la 


YL  « Tie  + Y2u  + Y3fk  «,  YU 

where  Yl,  Y2,  Y3  are  coefficient  matrices  and  TI.,  TO  ara  lower  and  uppsr  bound 
vectors.  Constraints  can  bs  Imposed  at  every  time  of  tha  response  or  at 
specific  rises. 

For  praacrlbed  Initial  conditions,  PERFORM  computes  the  3 vector  such 
that  tha  aax  I File  4-  PX2u  + PX3ftl  la  minimized  (or  min  | | la  maximized) 

while  tha  above  constralnta  art  satiafled.  Any  linear  combination  of  I,  3, 
and  1 k can  be  tabulated  or  plotted  versus  tins,  A tradeoff  curve  between  the 
maximum  objective  function  and  any  particular  constraint  can  be  generated  by 
varying  tha  bounds  on  that  constraint. 

SYSLIPEC  coaputes  tha  limiting  performance  of  tha  stsady-stats  response 
of  a structural  ayatem.  Tha  system  equations  of  notion,  tha  objsctlvs  function, 
and  the  constraint  relationships  are  of  tha  same  form  as  In  PERFORM.  Because 
the  steady-stats  raeponee  la  of  Interest,  motion  responses,  excitation  forces, 
and  control  forces  ara  expressed  as  phaeers  In  a complex  plana  which  rotates 
at  the  circular  frequency  of  tha  excitation  function.  Instead  of  dlscratlzlng 
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motions  and  forcaa  In  tlaa,  aa  in  COSI  ind  PERFORM,  dlacratltatlon  la 
dona  In  ut  ovar  tha  Intarval  0 s tit  i 2i.  Tht  solution  of  SYSLIPEC  lndudas 
raal  and  Imaginary  parts  of  tha  coaplex  amplitudes  of  tha  raaponsa  motions 
and  tha  control  forest.  Tha  ratio  of  tha  coaplsx  control  fores  and  tha  com- 
plex relative  displacement  acroaa  tha  controller  gives  the  coaplsx  Impedance 
required  to  optimize  the  reaponae  of  the  system.  Since  there  Is  no  way  to 
Impose  linear  constraints  on  the  phase  angles  acroaa  the  controllers,  the  op- 
timum impedances  Identified  may  not  be  realizable  ae  paaalve  mechanical  net- 
works. 


AM  EXAMPLE  LIMITING  PERFORMANCE  ANALYSIS 

In  [10] , Pllkey  and  Wang  have  Investigated  the  limiting  performance  of 
shock  absorbera  In  freight  car  couplings.  As  shown  In  Fig.  2,  the  system 
consists  of  a freight  car  modeled  as  a mass  Me  which  contains  a load  modeled 
as  a damped  oscillator  M^,  c,  and  k.  The  laden  car  reate  freely  on  a horizon- 
tal track  and  Is  struck  by  a second  car  modeled  ae  a mass  Ms.  Tha  shock  ab- 
sorber coupling  la  zwdeled  as  a time  varying  force  u.  The  limiting  perfor- 
mance problem  la  to  min  1ml za  the  peek  force  transmitted  through  the  aprlng  and 
dashpot  to  the  load  Mj_  while  the  relative  displacement  of  tha  shock  absorber 
coupling  la  constrained  to  lie  between  zero  and  a given  upper  bound.  For 
each  of  five  striking  velocities.  Fig.  3 shows  typical  results  of  the  limiting 
performance  analysis.  The  tradeoff  between  the  force  transmitted  to  the  load 
and  tha  deflection  of  the  coupling  Is  clearly  shown.  These  curves  provide 
the  designer  with  Information  about  tha  best  possible  ehock  absorber  perfor- 
mance against  which  ha  can  measure  tha  performance  of  his  candidate  absorber 
designs. 


Fig.  2 Limiting  Performance  Model 
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Fig.  3 Typical  Halting  performance  curve* 


OPERATING  DETAILS  OP  THE  CODES 
COSI  [5,  6] 

Capability  i Optlaliaa  tranalant  raaponaa  of  baaa-axclted , thraa  dagraa  of 
freedom  ayataa  ahown  In  Fig.  1. 

Language:  FOETBAH  IV  contained  on  approximately  900  carda. 

Additional  Software  Required:  CDC  OPTIMA  linear  programartng  package  plua  t>aer 

auppllad  aubrou tinea  for  horliontal  and  vertical  baae  acceleration. 
Hardware:  CDC  6600,  CDC  6600 

Devalopera:  G.  H.  Klein,  E.  I.  Axalband,  t.  E.  Parker 
Mechanic a Raaearch  Incorporated 
Loe  Angelaa,  California 

Sponaorad  by  the  Defanaa  Atonic  Support  Agency,  Haahlngton,  D.  C. 
Availability:  Aaroapace  Structuraa  Information  and  Analyala  Canter  (AS LAC) 
AFFDL-FBR 

Wrlght-Pattaraon  APS,  Ohio  43633 


PERFORM  [7,  8] 

Capability:  Optlmliea  tranalant  raaponaa  of  any  flrat  or  eecond  order  dynamic 
eyoten  for  which  the  aquation*  of  motion  era  linear  In  the  motion,  control, 
and  excitation  function. 

Language:  FORTRAN  IV  contained  on  approximately  3300  carda. 

Additional  Software  Required:  CDC  OPTIMA  or  CDC  APEX  linear  programming 

package. 

Hardware:  CDC  6600,  CDC  6400 
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Developer*:  W.  D.  PUkay  and  B.  P,  Wang 

University  of  Virginia 
Charlottaavllla,  Virginia  22901 

Sponaorad  by  NASA  Langley  Raaaarch  Canter,  Heap ton,  Virginia 
Availability:  Coaputar  Software  Management  and  Inforaatlon  Canter  (COSMIC) 
Barrow  Hall 
Univaralty  of  Georgia 
Athene,  Georgia  30601 

SYSLIPEC  [9] 

Capability:  Optlalaaa  etaady-atat*  reapona*  of  any  flrat  or  aacond  order  aya- 

taa  for  which  tha  aquation*  of  notion  are  linear  In  the  notion,  control, 
and  excitation  function*. 

Language:  FORTRAN  IV  contained  on  approximately  550  card*. 

Additional  Software  Required:  CDC  OPTIMA  or  IBM  RSMSUB  linear  prograanlng  pa-k- 

aga. 

Hardware:  CDC  6600,  CDC  6400 

Developer:  B.  P.  Hang 

Univaralty  of  Virginia 
Charlottaavllla,  Virginia  22901 

Sponaorad  by  NASA  Langley  Raaaarch  Canter,  Haapton,  Virginia 
Availability:  COSMIC 

Barrow  Hall 
Univaralty  of  Georgia 
Athana,  Georgia  30601 
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Grillages 


Them  Wah 
Texas  A A!  University 


INTRODUCTION 

The  tern  grillage  ia  usually  understood  to  scan  a network  of  beams  rigidly 
connected  at  their  intersections.  In  actual  practice  auch  a network  usually 
forms  the  supporting  framework  for  a plate  or  envelope  which  transmits  the 
superimposed  load  to  the  grillage.  In  many  structures  the  grillage  forms  the 
prlaury  load  carrying  component,  and  the  safety  of  the  structure  is  dependent 
on  its  satisfactory  performance. 

Despite  the  cuatosury  use  of  the  term  grillage  to  siesn  a plane  structure 
of  orthogonally  intersecting  beams,  such  a restricted  meaning  la  unwarranted. 
Grillages  may  be  of  any  shape,  curved  or  flat,  and  the  network  of  beams  may 
Intersect  at  any  angle.  The  beams  composing  the  grillage  need  not  be  uniform, 
their  variation  being  dictated  by  the  particular  structural  application.  Ship 
bottoms  and  bridge  decks  are  among  the  most  commonly  encountered  structural 
configurations  that  are  classified  aB  grillages.  But  a supporting  network  for 
a cylindrical  shell  may  be  classified  as  a grillage  provided  it  is  the  primary 
load  carrying  framework. 

For  the  purposes  of  this  article,  it  has  not  been  possible  to  construe  the 
term  grillage  quite  so  broadly,  if  only  because  this  would  make  the  chapter  too 
volumnlous.  In  particular,  only  the  dynamic  characteristics  of  grillages  are 
covered  here,  the  static  response  having  been  adequately  treated  elsewhere  [l]. 
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BASIC  THEORY 

The  theory  of  grillages  is  usually  based  on  the  Bernoulll-Euler  theory  of  elas- 
tic beams.  At  the  intersection  between  two  beams  compatibility  of  deflection, 
slope,  and  rotation  must  be  ensured.  Finally,  the  solution  must  satisfy  the 
boundary  conditions  at  the  supports.  The  loads  applied  to  the  grillage  may  be 
either  at  the  beam  intersections  or  on  a beam  between  two  consecutive  intersec- 
tions. 

The  difficulties  in  the  analysis  srs  usually  in  incorporating  the  torsional 
stiffness  of  the  beams  and  the  distributed  mass  characteristics.  Some  formula- 
tions omit  the  torsional  stiffness  of  the  beau  not  only  for  mathematical  sim- 
plicity but  because  in  many  applications  the  torsional  stiffness  of  the  beams 
(such  as  1 beams)  is  Indeed  small.  Another  coaamn  simplification  is  to  assume 
that  the  masses  of  the  beams  are  lumped  at  the  intersections  of  the  beams. 

Apart  from  the  foregoing,  many  idealizations  sre  possible  for  tha  mathe- 
matical model.  One  of  long  standing  is  orthotropic  or  anlsotrophlc  piste  theory, 
which  replaces  the  dlscretlsed  actual  structure  by  a continuum,  thereby  bringing 
it  within  the  scope  of  a differential  equation  [2]. 

A uniform  grillage  is  understood  to  mean  that  each  set  of  intersecting 
beams  is  identical  and  equally  spaced.  Such  grillages,  provided  the  boundary 
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conditions  are  not  too  complicated,  may  be  treated  exactly  by  difference 
equations  (3]. 

Since  the  grillage  is  aaaumed  to  be  the  primary  load  carrying  component, 
the  effect  of  plating  is  approximated  by  incorporating  it  In  some  manner  into 
the  properties  of  the  beams. 


FREE  VIBRATION  AND  DYNAMIC  RESPONSE 


There  are  two  distinct  problems  in  grillage  dynamics,  namely,  the  determina- 
tion of  the  natural  frequencies  of  the  system  and  the  determination  of  the 
response  to  given  external  forces.  The  former  la,  generally  speaking,  simpler 
analytically.  Computer  programs  can  be  developed  for  either  problem. 

Considering  the  Importance  of  grillages  In  structural  applications,  it 
is  surprising  that  more  computer  programs  are  not  generally  available  that 
are  aimed  specifically  at  grillage  dynamics.  The  truth  probably  is  that  such 
programs  are  available  within  particular  industries,  but  are  not  disseminated 
widely  nor  published  in  the  open  literature. 

Because  of  time  11ml tat iona  it  has  not  been  possible  to  seek  out  software 
which  may  be  known  to,  or  used  only  by,  limited  groups  within  industries  or 
enterprises.  Ue  have  confined  ourselves  therefore  to  the  more  readily  avall- 
albe  programs. 

As  implied  in  the  previous  section,  certain  mathematical  models  of  the 
etructure  are  sufficiently  simple  to  permit  exact  solutions  of  the  problem 
under  certain  boundary  conditions. 

For  such  cases,  it  seems  appropriate  here  to  present  some  of  the  explicit 
formulas  in  the  hope  that,  even  without  related  software,  computer  programs 
could  be  written  by  the  user  without  undue  effort. 

The  simplest  formulation  for  grillages  is  the  anisotropic  plate;  and  once 
the  parameters  are  determined  or  approximated  in  some  manner,  one  could  apply 
classical  plate  theory. 

Rectangular  grillage  vibration  may  be  represented  by  the  following  dif- 
ferential equation 


where 


ax 


2 I + Dy  + p Hr 

3x*3y  y 3y  at 


(1) 

(2) 


and  p is  the  mass  of  the  plate  per  unit  area. 

The  quantities  on  the  right  hand  sides  of  Eqs.  (2)  are  defined  as  follows: 


a,b  ■ dimensions  of  grid  in  the  x and  y directions,  respectively 

a1,b1  - distance  between  beams  in  the  x and  y directions,  assumed 
small  in  comparison  with  a and  b 

B.,B,  * flexural  rigidities  of  beams  in  the  x and  y directions 

cj.c^  ■ torsional  rigidities  of  beams  in  the  x and  y directions 


Eq.  (1)  is  not  restricted  to  uniform  grids  as  Eqs.  (2)  imply.  It  may 
be  used  even  if  the  grillage  is  not  uniform  and  soma  "smearing  out"  process 
is  used  to  approximate  the  grillage  at  a plats. 

The  square  of  the  natural  frequency  obtained  from  Eq.  (1)  it  given  by 
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The  coefficient!  A,  B,  am.  £ are  given  In  Table  1 [A]. 

Table  1 
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An  exact  aolution  eay  be  obtained  for  a simply  supported  grldwork  pro- 
vided It  la  uniform.  Two  formulation!  are  possible,  ons  taking  Into  account 
the  distributed  mass  of  the  beams,  and  the  other  assuming  that  the  mass  of 
tha  beans  la  concentrated  at  their  Intersections.  The  latter,  while  an  ap- 
proximation, gives  an  explicit  expression  for  tha  frequencies 
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2 


P 


R,  S 

X 

v 

v 

El,  El 
GJ,  GJ 

P 

m,  n 
a,  a 


2 

pui  a 

12EI 


3 


number  of  beams  in  the  x and  y directions 

T«  Via3 

G?a/2EIa 

GJa/2Ela 

flexural  rigidity  of  beams  in  the  x end  y directions 
torsional  rigidity  of  bars  in  the  x and  y directions 
mass  concentrated  at  the  beam  intersections 
integers 

spacing  of  beams  in  the  x and  y directions 


The  distributed  mass  solution  is  considerably  more  complicated  and 
joes  not  give  an  explicit  formula.  With  p now  as  the  mass  density,  the 
frequency  equation  assumes  the  form 


Mr-1) 


2C1  * C2  cos  f 


-( 

+ > 3s(cog2  f 


C8  cos  fi  - C7 


+ 2C5  - 2C6  cos  r 


2Ci  + C2  cos  f- - 5 1 C8  cos  f - £7j 


+ 2C„  - 2C,  cos 


(5) 


in  which 


Cl 

C2 

C* 

Ci 

C( 

Cr 

Ci 

u 

v 

T 


(cosh  u sin  u - slnh  u 
u(slnh  u - sin  u)/2T 
u2(cosh  u - cos  u)/6T 
u3(cosh  u sin  u ♦ slnh 
u3(sin  u + slnh  u)/12T 
v cot  v 
v cosec  v . 
U^Ape^/EI)1'1* 

(u2!1*?!  /GJ)*/2 
1 - cospu  cosh  u 


cos  u)/4T 
u cos  u)/12T 


a and  v are  defined  by  interchanging  the  berred  quantities  for  those  with- 
out bare  and  vice  versa.  5,  . . . cg  are  elmilar  functions  of  u and  v.  A, 
A are  the  cross-sectional  areas  of  the  beams  in  the  x and  y directions  snd 
I is  the  polar  moment  of  inertia.  Other  quantities  are  as  defined  under 
E?.  (4)  Equation  (5)  is  readily  programed  for  the  determination  of  the 
natural  frequencies  u for  chosen  values  of  m and  n. 


COMPUTER  PROGRAMS 
GRIDSAP 

Capability)  Solvaa  for  tha  natural  fraquanclae  and  asaociated  mode  ahapae 
of  a rigidly  Jointed,  two-dimensional  lumped-mass  grid.  Stlffnsaa 
matrix  alterations  can  be  uead  to  add  complex  structural  elements  which 
cannot  be  raprasantad  by  members.  Tha  output  gives  stiffness  mstrlx, 
natural  fraquanclaa,  up  to  20  node  shapes. 


-anguage : FORTRAN 

Hardware:  CDC,  Honeywell 

Availability:  STRUPAK 

TRW  Systems 
Redondo  Beach,  Calif. 
Available  on  CDC  coaaerclal  network* 


Dynamic  Analyal*  of  Elaatoplaatlc  Beam-Girder  Syeteme  (RESI) 

Date:  1970. 

Capability:  Calculate*  the  dynamic  response  of  elaatoplaatlc  beam-girder 

•y*t*a*  aubjacted  to  a uniformly  distributed  arbitrary  forcing  function. 
The  end*  of  tha  beam*  nay  ba  either  simply  aupportod  or  clamped.  Each 
member  la  aaaumed  to  poaaea*  a bilinear  elaatoplaatlc  realatance  func- 
tion. The  beaaa  are  equally  epaced  and  have  Identical  propertlaa. 

Output:  The  center  deflectlona  of  the  girder  and  beam  relative  to  the  girder, 

and  tha  dynamic  reaction*  of  tha  baama  and  the  girder,  are  printed  out. 
Language:  FORTRAN  IV 

Hardware:  IBM  7090 

Developer:  S.  L.  Wang  and  H.  P.  Gray 

Naval  Ship  Reaaarch  and  Development  Center 
Waahlngton,  D.  C.  20034 

Availability:  An  International  Journal,  Computer*  and  Structure*.  Vol.  2, 

(1  and  2),  Pergamon  Praaa,  Feb.  1972,  pp.  223-251  preaenta  a Hating 
of  the  program  RESI. 


Impulalve  Reaponaa  of  a Stiffened  Plate  Maaa  Loaded  Around  the  Edgaa 

Capability:  Thla  program  give*  the  approximate  aolutlon  of  a croaa-atlffened 

plate  with  maaa  loading*  around  the  edge*  treated  aa  an  orthotropic  plat*. 
The  aolutlon  la  made  of  modal  axpanalona.  The  mode*  of  the  plate  are 
approximated  by  the  modaa  of  a beam. 

Language:  FORTRAN 

Hardware:  Will  run  on  any  tlme-aharlng  ayatam 

Developer:  J.  E.  Greenapon 

J.  G.  Engineering  Reaaarch  Aaaoclataa 
3831  Menlo  Drive 
Baltimore,  Maryland  21215 

Availability:  The  program  la  available,  along  with  two  example  aolutlon*  In 

the  report:  Impulalva  Raaponae  of  a Stiffened  Plat*  Maaa  Loaded  Around 

the  Edgaa,  Joahua  Greenapon,  NSRDC  - Underwater  Explosion*  Research 
Division,  Contract  N00167-71-C-0024,  Final  Report  Jan  1972. 


Dynamic  Modal  Analysis  of  Largs  Bar  Structure* 

Having  up  to  4000  Dynamic  Degrees  of  Freedom 

Capability:  Determination  of  eigenvalues,  periods  and  eigenvector*  aa  well 
as  dynamic  modal  analysis  leading  to  the  determination  of  modal  partici- 
pation factor*,  spectral  dlsplacaawnt*  and  maximum  probable  inertia 
force*.  The  structure  nay  have  up  to  2500  joint*,  4,000  member*,  4,000 
lumped  masses  and  4,000  dynamic  degree*  of  freedom.  The  structure's 
member*  may  be  circularly  curved  In  apace  with  a constant  section  or 
straight  with  a constant  aa  well  at  a variable  section  and  they  may 
also  be  of  different  materials.  Members'  bending,  axial  and  shear 
deformation  are  taken  Into  account.  The  structure  auty  be  subjected  to 
4,000  simultaneous  different  dynamic  forcing  functions  arbitrarily  vary- 
ing with  time  and  acting  at  any  number  of  joints.  Damping  factors  and 
elastic  supports  are  also  considered.  Fixed  Input  form.  Operates  In 
and  out  of  computer  cor*. 
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Language : FORTRAN 

Hardware:  UNIVAC  1106,  hue  uy  ba  adapted  to  any  computer. 

Availability:  M.  G.  Koatro,  Praaldent 

Electronic  Calculua,  Inc. 

468  Park  Avenue,  South 
New  York,  New  York  10019 

Alao  coanerclally  available  on  UCC  computer  network. 


WDGVIB 

Capability:  Program  computaa  the  natural  frequencies  and  model  amplltudae 
for  tha  riba  and  ekln  of  a three-call  wedge  etructure. 

Unguage:  FORTRAN 

Heeory  Required:  17,500  octal 

Hardware:  CDC  6600 

Source:  Program  available  on  carda  to  Department  of  Defenaa  Agenclee  or  their 

contractore.  Contact  D.  L.  Smith 

R.  C.  V.  Vender  Hayda 
Aaro-Acouetlce  Branch 
AFPDL/FYA 

Wright-Pattereon  Air  Force  Baee 
Ohio  45433 

Telephone:  513-25-54279 

j 

1 

PANAL 

Capability:  Program  computaa  tha  natural  frequenclea,  normal  mode  ehapae, 

modal  ehear  dietrlbutlon  along  the  center  line  of  a one-dlmenalonal 
panel  array  undargolng  cylindrical  bending. 

Language:  FORTRAN,  program  available  on  carda 

Memory  Required:  34,600  octal 

Hardware : CDC  6600 

Source:  D.  L.  Smith 

R.  C.  H.  Vander  Heyde 
Aaro-Acouetlce  Branch 
AFFDL/FYA 

Wright-Pattereon  Air  Force  Baae 
Ohio  45433 


PLTVEB 

Capability:  Program  computes  the  natural  frequencies  and  noraal  mode  ehapae 
of  a nine-bay  orthogonally  stiffened  panel.  The  structure  la  assumed  to 
have  clamped  edges  and  four  orthogonal  stiffeners  dividing  the  uniform 
cover  sheet  Into  nine  bays.  The  stiffeners  are  modeled  with  a finite 
element  representation  of  a thin  walled  open-section  beam.  Tha  rec- 
tangular plate  bending  element  used  Is  based  upon  a sixteen  degree  of 
freedom  element  made  In  the  form  of  a claapad-clamped  beam  fundamental 
mode. 

Language:  FORTRAN,  program  available  on  cards 
Memory  Required:  67,200  octal 

Hardware : CDC  6600 
8ource:  D.  L.  Smith 

R.  C.  W.  Vander  Heyde 
Aaro-Acouetlce  Branch 
Wright-Fat  tareon  Air  Force  Base 
Ohio  45433 

Telephone:  513-25-54279 


( 


mmEK 


I.RIUACKX 


335 


Numerical  Study  of  Free  Vibration  of  Crlllagti 


Capability:  Calculation  of  natural  frequenclai  of  grid*  utlng  althar  the  dis- 

tributed aaaa  or  the  luaped  aass  approximation.  Solution*  for  both 
•laple  aupporta  on  all  aldaa  and  with  alaatlc  supports  on  2 parallel 
side*  ars  possible.  Torsional  stiffness  may  ba  taken  Into  account. 

Developer : Fu-Shan  Chan 

Hota  V.  S.  Ganga  Rao 
Department  of  Civil  Engineering 
Hast  Virginia  University 
Morgantown,  West  Virginia 

Availability:  The  program  la  printed  out  and  discussed  with  example  problems 

In  Report  No.  2021,  Civil  Engineering  Studies,  West  Virginia  University. 


BEAKRESPONSE  (Computer  Programs  for  Crlllage  Analysis) 

Date:  Completed  1974. 

Capability:  Calculataa  natural  frequencies  of  grillage*  assuming  mass  of 

transverse  members  Is  luaped  at  the  Intersections  and  these  member*  act 
as  elsstlc  springs.  Longitudinal  members  are  Identical  while  the  trans- 
verse members  may  have  differing  properties.  Longitudinal  aambera' 
shear  deformation  and  rotary  inertia  nay  ba  taken  Into  account.  Girders 
nay  be  either  simply  supported  and  flxad-ended. 

Method:  Transfer  matrix  method 

Input:  Batch  or  prompting  Interactive 

Output:  For  the  Interactive  version,  user  can  modify  the  Input  on-line  as  th* 

output  appears. 

Language:  FORTRAN 

Hardware:  CDC,  IBM,  UNIVAC,  Honeywell,  Data  General,  PDF. 

Usage:  In  use  In  Industry  and  several  universities 

Developer:  Halter  D.  Pllkay  Pin  Yu  Chang 

Dapt.  of  Engineering  Science  and  Systems 
University  of  Virginia 
Charlottesville,  Virginia  22901 

Availability:  Can  be  purchased  or  used  on  national  networks.  Contact: 
Structural  Members  Usara  Croup 
P.  0.  Box  3938,  University  of  Virginia  Station 
Charlottesville,  Va.  22903 
Telephone:  (804)  296-4906 


RECTAHGUURFLATE 


Date:  Complete  1974. 

Capability:  Calculates  natural  frequencies  and  steady  state  response  for  Iso- 
tropic and  orthotropic  plat**.  Give*  mods  shapes  of  free  vibration,  and 
deflection,  slops,  bending  moments,  twisting  moments  and  shears  for  steady 
state  loeds.  Two  opposite  edges  (y*0,  ly)  must  be  simply  supported,  but 
there  may  be  Intermediate  supports  between  x*0  and  x»L  up  to  a total 
of  10.  The  supports  may  be  rigid,  moment  release,  guided,  or  shear  re- 
lease type.  The  supports  at  x«0  and  L may  b*  fixed,  simple,  free  or 
guided.  There  may  be  any  nua&er  of  concentrated  parameter*  (e.g.  lumped 
masses,  concentreted  forces,  line  springs)  In  th*  x direction.  Th*  plate 
can  be  formed  of  uniform  panels  In  th*  x direction.  Th*  thickness, 
modulus  of  elasticity,  modulus  of  elastic  foundation,  Poisson's  ratio, 
thermal  expansion  coefficient,  and  density  can  be  varied  from  panel  to 
panel.  Stiffened  plats*  with  large  stiffeners  In  both  x and  y directions 
can  be  analysed 
Method:  Transfer  matrix 

Limitations  and  Restrictions:  Uses  classical  plats  theory 

Input:  Batch  or  prompting  Interactive. 
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Output:  For  the  interactive  verelon,  ueer  can  modify  the  Input  on-line  as 

the  output  appeara. 

Language : FORTRAN 

Hardware:  CDC,  IBM,  UNIVAC,  Honeywell,  Data  General,  PDP 

Usage:  In  use  In  Industry  and  at  several  universities 

Developer:  Halter  D.  Pllkey  Pin  Yu  Chang 

Department  of  Engineering  Science  and  Systems 
University  of  Virginia 
Charlottesville,  Virginia  22901 

Availability:  Can  be  purchased  or  used  on  national  networks.  Contact: 

Structural  Members  Users  Group,  Ltd. 

P.  0.  Box  3958,  University  of  Virginia  Station 
Charlottesville,  Va.  22001 
Telephone:  (806)  296-4906 
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Kinematic  and  Dynamic  Design  of  Mechanism 


Roger  E.  Kaufmann 
Massachusetts  Institute  of  Technology 


INTRODUCTION 

Kinematics  la  a science  with  roots  In  antiquity.  Under  the  constant 
pressure  of  exigency,  engineers  have  developed  lnnuaerable  clever  nechanlsns 
to  generate  lotions  In  space.  At  the  sane  time,  theoreticians  Interested  In 
the  aore  fundamental  properties  of  time-varying  geometric  relationships  have 
developed  an  extensive  body  of  analytical  procedures  for  studying  or  design- 
ing such  devices,  During  the  last  century,  the  algebraic  theories  for  mecha- 
nisms were  developed  to  a point  which  surpassed  tha  ability  of  the  typical 
unaided  engineer  to  manipulate  or  Interpret  the  mathematics.  As  a result,  a 
gulf  developed  between  tha  theory  and  the  practice  of  mechanism  design. 

Digital  computers  have  empowered  engineers  and  given  them  the  ability 
to  quickly  and  easily  process  vast  amounts  of  data.  Further,  sophisticated 
mathematical  theoriea  can  be  embedded  In  a user-oriented  "packaged”  program, 
so  that  the  designer  himself  can  treat  tha  computer  as  a skilled  specialist, 
or  mechanisms  consultant.  He  need  only  understand  how  to  cominlcate  his 
problem  to  the  machine  and  how  to  Interpret  the  results.  He  need  not  have  a 
detailed  understanding  of  the  theory  embodied  In  the  program  or  of  the  Intri- 
cacies of  computer  science.  As  a result,  there  has  been  a reawakening  of  In- 
terest In  the  sophisticated,  though  heretofore  "useless"  theories  of  eminent 
mathematicians  and  kinematic  Ians.  The  theoretical  contributions  of  own  such 
as  Sylvester,  Lagrange,  Burmester,  and  Chebyshav,  though  dormant  for  close  to 
a century,  are  now  being  Implemented  In  user-orlantsd  computer  programs  which 
hold  the  promise  for  revolutionicing  the  practice  of  mechanism  design  In  the 
near  future. 

Kinematics,  as  originally  defined  by  Ampere,  Is  the  science  "In  which 
movements  are  considered  In  themselves"  (Independent  of  the  forces  which  pro- 
duce them).  Generally,  the  subject  is  subdivided  into  two  major  areas,  analy- 
sis and  synthesis.  Analysis  deals  with  the  study  of  the  behavior  of  an  exist- 
ing mechanism  or  mechanism  design.  Synthesis  Is  the  Inverse  proceaa  of  design- 
ing s mechanism  so  as  to  obtain  a preconceived  klneaatlc  behavior.  The  task 
of  synthesis  may  be  further  subdivided  into  type  synthesis  and  dimension  syn- 
thesis. In  type  synthesis,  one  Is  concerned  with  determining  the  topologies 
of  mechanisms  which  would  be  capable  of  theoretically  providing  the  kind  of 
performance  required.  That  Is,  one  is  concerned  with  such  overall  questions 
aa  "how  many  links  and  hinges  must  a mechanism  possess  so  as  to  generate  an 
eighth  degree  coupler  curve”,  or  "what  kinds  of  mechanisms  can  invert  a body 
and  then  dvell  for  an  Instant?"  Dimension  synthesis,  on  the  other  hand,  is 
concerned  with  establishing  specific  sixes  or  proportions  for  a device  of 
known  topology  which  must  satisfy  a specified  time  sequence  of  positions. 

Programs  for  the  kinematic  analysis  and  synthesis  of  aechanlssM  are  sur- 
veyed In  this  chapter.  Coverage  has  been  extended  to  include  programs  dealing 
with  nonklnematlc  properties  such  as  static  forces,  joint  friction,  and  mech- 
anism dynamics. 
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Insofar  at  possible,  programs  have  been  selected  for  their  generality  and 
their  deelgner-englneer  uaer  orientation.  An  effort  haa  been  made  to  weed  out 
programs  of  Halted  general  lntereat  and  those  which  appear  to  be  of  purely 
acadenic  concern.  Poorly  documented  prograai  and  those  which  require  detailed 
suppleoentary  training  to  understand  their  application  have  elao  been  eliminated. 
However,  since  the  author  haa  not  had  first-hand  experience  with  aany  of  the 
available  programs,  the  choice  as  to  which  to  Include  has  been  somewhat  arbi- 
trary, with  more  concern  for  Including  programs  of  potential  interest  and 
utility  than  for  eliminating  marginal  programs.  Inevitably,  some  programs 
which  should  have  been  scratched  have  slipped  through.  In  advance,  the  author 
would  like  to  apologize  to  hla  frlenda  whose  programs  were  eliminated,  either 
by  design  or  by  chance. 


ANALYNK 

Developers:  Kaufsun,  Barnett,  Archie,  Houck 

Affiliation:  Department  of  Mechanical  Engineering 
Maaaachusetts  Institute  of  Technology 
Cambridge,  Mass.  02139 

Application:  Animation  and  display  of  moat  pin  or  slider-jointed  planar  mech- 

anlaas.  Closed-form  animation  procedures  automatically  generated  where 
theoretically  possible . 

Craphlcs:  Tee.  Interactive  progrsm.  Storsga  tube  or  plotter  output.  Graph- 

ical data  tablet  input  currently  being  Incorporated. 

Hardware:  Storsga  tube;  minicomputer  oriented  but  convertible  for  time  shar- 

ing. FORTRAN  IV 
Availability:  From  developer 

Comments:  Balng  Incorporated  into  KINSYN  II.  Useful  as  standalone  animation 

package. 


CAMPAC 


Developers : Mathews , Tsssr 

Affiliation:  University  of  Florlde 

Calnsvllle,  Fla.  32601 

Application:  Synthesis,  analysis,  and  design  of  cams.  Polynomial  and  trape- 

zoidal curves  of  second,  third,  and  fourth  order.  Parametric  error  analy- 
sis. One  and  two  degree  of  freedom  models. 

Graphics:  Cal comp  plotter. 

Availability:  From  developer. 

Comments:  Generalised  cam  design  program  covering  everything  but  harmonic 

analysis. 


CO  WEND  I 


Developers:  Knappe,  Klee 

Affiliation:  IBM  Systeatf  Development  Division 

Development  Laboratory 
Rochester,  Minn, 

Application:  An  ambitious,  generalised  mechanical  deelgn  system  Incorporating 
linkage,  cam,  gear,  spring,  shaft,  end  timing-belt  design  programs, 
together  with  related  routines  for  N/C  machining,  etc.  Analysis  and 
synthesis  of  general  planar  serial  mechanisms.  Analysis  of  three- 
dimensional  mechanisms.  Planar  mechanism  synthesis  by  Freudensteln's 
equations  or  by  nuamrlcal  methods  where  closed-form  techniques  ware 
not  applicable.  Dynamic  analysis  of  mechanical  systems. 

Hardware:  Isqilemented  In  360  FORTRAN  IV,  FL-1,  FLAN/360  and  PLAN  1130  verslcne. 


MECHANISM  DEMI'S 
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Graphics:  2250  option,  ,/lui.ter. 

Availability:  COMMEND  1 is  Internally  available  within  IBM.  Limited  subsets 

of  COMMEND  have  been  released  to  the  public  as  IBM  program  products. 
Mechanism  Design  System-Kinematics  and  Mechanism  Design  System-Gears  and 
Springs  are  available  and  run  under  PLAN. 

Comments:  Unfortunately,  only  limited  portions  of  COMMEND  are  available  to 

the  public.  MDS-Klnematlcs  package  is  available  only  for  two  dimension 
and  three  dimension  motion  analysis.  None  of  the  kinematic  ayntheslt 
systems  was  released.  The  version  available  as  a program  product  pro- 
vides displacements,  together  with  higher  derivatives  and  plotter  output. 
Apparently,  IBM  has  essentia.1  ly  abandoned  the  mechanical  projects  associ- 
ated with  COMMEND  I. 


DKINAL  (formerly  DTMAC) 

Developer:  Paul,  Hud 

Affiliation:  Department  of  Mechanical  Engineering 

University  of  Pennsylvania 
Philadelphia,  Pennsylvania  19174 

Application:  Dynamic  analysis  of  machinery.  User  provides  all  geome trie  and 
Inertial  properties  of  mechanisms,  together  with  Initial  velocities  and 
applied  forces.  User  specifies  which  members  ar«  Included  In  each  user- 
specified  Independent  loop.  Program  generates  and  solves  the  equations 
of  motion  and  prints  out  positions,  velocities,  accelerations,  and 
forces. 

Avalleblllty:  Prom  developer. 

Comments:  User  manual  available  from  B.  Peul,  Department  of  Mechanical 

Engineering  and  Applied  Mechanics,  University  of  Pennsylvania, 
Philadelphia,  Pa.,  19174. 


DRAM 

Developers:  Chaca,  Smith,  Rubens,  Angell 

Affiliation:  University  of  Michigan 

Ann  Arbor,  Mich.  48104 

Application:  Interactive  simulation  of  two-dimensional  dynamic  saschanlcal 

systems . Open  or  closed  loop,  single  or  multi-degree  of  freedom  systems. 
Continuous  motions  or  Impacts.  Lumped  parameter  systems  only.  Allows 
specification  of  torque-speed  characteristics.  Provides  display  of 
selected  positions,  velocities,  scceleratlona,  or  reaction  forces. 

Hardware:  Time-sharing  or  batch  veralons.  Tektronix  4010  display. 

Graphics:  Tektronix  4010  storage  tube  for  presentation  of  results. 

Availability:  Available  through  DECAL,  1210  E.  Engineering,  University  of 
Michigan,  Ann  Arbor,  Mich.,  48104,  tal.  313-763-0651 

Commercially  available  through  Com  Share  Time-sharing  system.  Con- 
tact: Structural  Dynamics  Research  Corporation,  3729  Dragon  Way, 
Cincinnati,  Ohio  45277 

Comments:  Users  Lagranglan  multiplier  approach  with  all  joint  variables  ae 
ind  pendent  variables,  force  constraints  hold  joints  together.  Large 
system  of  differential  aquations.  System  maintained  for  commercial  use. 


DRPL 


Developers:  Carson,  Trummel 
Affiliation:  University  of  Iowa 

Iowa  City,  Iowa  52242 

Application:  Three-dlawnslonal  dynamic  response  of  mechanisms.  Hartenberg- 
Denavlt  transformation  matrix  notation  with  least-squares  loop  closure. 
Lagrange  equations  then  determined  and  solved  by  Runge-Kutta  method. 
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Availability:  Fron  developer. 

Language:  FORTRAN  II 

Comments:  Early  eyatea  with  capabilities  slallar  to  those  of  IMP.  No  longer 

maintained. 


DYAD 


Developers:  Pollack,  Tesar 

Affiliation:  University  of  Florida 

Galnsvllle,  Fla.  32601 

Application:  Dynamic  analysis  of  planar  aechsnlsas  composed  of  Interconnected 

two- link  Assur  groups.  Force  analysis  and  dynaalc  analysis  to  second 
order.  Pin  or  slider  joints.  Closed-fora  analysis. 

Availability:  Fron  developer. 

Consents:  Handles  most  common  linkages  found  In  industrial  applications. 


DYSIN 

Developers:  Muklebust,  Tesar 

Affiliation:  University  of  Florida 

Galnsvllle,  Fla.  32601 

Application:  Group  of  Buraester  theoiy  based  synthesis  programs  for  4-bars, 
6-bars  and  geared  5-bar  linkages.  Synthesis  for  finite  or  inf lnlteslaal 
notion  properties. 

Availability:  From  developer. 

Cosnents:  Effective  use  of  these  prograas  probably  requires  a fair  amount 

of  sophistication  on  the  part  of  the  user  to  properly  Interpret  and 
utilize  the  output.  A manual  Is  being  prepared  to  describe  the  techni- 
cal details  of  their  operation. 


FIVEPOS 

Developers:  Sandor,  et  al. 

Affiliation:  Rensselaer  Polytechnic  Institute 

Troy,  New  York  12181 

Application:  Five  position  Buraester  Theory.  Synthesis  of  function,  psth, 

and  notion  generating  four-bar  linkages. 

Hardware:  Tlaa-sharlng  with  T4002  Tskronlx  terminal. 

Graphics:  Malted,  with  T4002  storage  tubo. 

Availability:  Froa  developer. 

CossMnts:  As  with  Dye  In,  affective  use  of  this  prograa  requires  considerable 
sophistication  on  part  of  user.  Basic  theory  has  wlds  application  whan 
cleverly  employed. 


FORCE 

Developer:  Peterson 

Affiliation:  General  Dynaalcs,  Convair  Division 
San  Diego,  Cal. 

Application:  Two-dimensional  kinematic  analysis  of  mechanisms  including 
effects  of  Joint  friction.  Beploys  friction  circle  concept. 
Hardware:  CDC  6400,  FORTRAN  extended  compiler 
Graphics:  Yes,  with  Control  Data  Cyber  display  system,  CDC  274. 
Availability:  From  developer. 

Comments:  Control  Data  system  is  incompatible  vlth  most  IBM  hardware. 
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GEAR 

Developer!  Kersten 

Affiliation!  University  of  Nebraska 

Lincoln,  Nebraska  68508 

Application:  Package  of  snail  programs  for  cam,  gears,  and  four-bar  linkage 

coupler  curves.  Primarily  Intended  for  student  use, 

Graphics:  CAL -COUP 

Availability:  From  developer. 

Comments : Many  researchers  have  similar  such  programs  available.  These  seem 

fairly  elementary  but  useful  for  teaching  purposes  In  undergraduate 
design  courses.  Permit  visualization  of  gear  tooth  undercutting,  etc. 


IMP,  IMP-73 


Developer:  Ulcker 

Affiliation:  University  of  Wisconsin 

Madison,  Wisconsin  53706 

Application:  Analysis  of  two-  or  three-dimensional  closed-loop  rigid  link 

mechanisms.  All  types  of  joints,  linear  springs,  viscous  danpers,  mass, 
and  gravity  effects  may  be  included.  Driving  forces  or  motions  nay  be 
specified  as  functions  of  time.  Kinematic,  static  and  time  response 
modes  of  operation.  Matrix  based  system  formulates  and  solves  as  many 
differential  equations  as  system  has  degrees  of  freedom.  Provides  posi- 
tions, velocities,  accelerations,  static,  and  dynamic  constraint  forces, 
dating  ratios,  and  natural  frsquencles. 

Hardware:  Time-sharing  or  batch.  Two  machine  dependent  routines.  System 

runs  on  most  large-scale  cosqmters. 

Graphics:  None  at  present. 

Availability:  From  developer.  About  80  systems  now  distributed. 

Comments:  IMP-73  Is  latest  release  of  IMP  and  supersedes  earlier  versions.  New 

releases  are  planned  as  developments  warrant.  System  Is  well  documented 
and  supported.  Several  time-sharing  services  offer  IMP. 


IKP-UM 

Developer:  Sheth 

Affiliation:  University  of  Michigan 

Ann  Arbor,  Michigan  48104 

Application:  Essentially  Identical  to  IMP,  but  with  different  Integration 

technique.  (Predictor  corrector  method).  Provides  sddltlanal  small  oscil- 
lation mods  of  analysis  yielding  frequency  domain  and  transfer  function 
data.  Also  handles  Impacts. 

Hardware:  Time-sharing  or  batch. 

Craphlcs:  Storage  Tubs. 

Availability:  Available  through  DECAL,  1210  E.  Engineering,  University  of 

Michigan,  Ann  Arbor,  Mich.  48104. 

Commercially  available:  Structural  Dynamics  Research  Corp., 

5729  Dragon  Way,  Cincinnati,  Ohio,  45227. 

Comments:  IKP-UM  Is  currently  wall  supported  but  may  deteriorate  since  Sheth 

Is  leaving  Michigan. 


KIDTAN 


Developer:  Brat 

Affiliation:  Casch  Technical  University 
Prague  2,  USSR 
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Application!  Provides  kinematic  and  dynamic  analysis  of  general  planar  mech- 
aanlsm.  Also  provides  phaae  plane  analysis.  Analyals  technique  baaed 
on  Aasur  groups. 

Hardware!  Written  In  SLANG  language  for  the  MINSK  22  computer. 

Availability!  Perhaps,  In  Vladivostok. 

Comments:  Great,  If  you  own  a MINSK  22  computer. 


KINAL 


Developer!  Paul 

Affiliation!  Department  of  Mechanical  Engineering 
University  of  Pennsylvania 
Philadelphia,  Pa.  19174 

Application!  Kinematic  analysis  of  planar,  multi-loop  single  degree  of  free- 
dom mechanisms.  User  provides  starting  estimate  of  all  secondary 
position  variables,  together  with  a small  subroutine  given  the  driving 
variable,  Its  velocity  and  acceleration,  at  a function  of  time. 

Availability:  From  developer. 

Comments!  User  manual  la  being  developed. 


KINE 


Developers!  Gupta,  Banarjee,  Fox 

Affiliation!  Caae  Western  Reserve  University 
Cleveland.  Ohio  44106 

Application!  General  program  for  position,  valoclty  and  accalaratlon  analysts 
of  planar  machanlems  with  revolute  and  prlamatle  Joint  a,  gears,  and 
cams.  Systems  of  multi-degree  of  freedom.  Provides  spline  fit  to  cam 
or  curved  slide  track  contour.  Uses  a modified  Newton  Kaphaon  scheme. 

Hardware!  UNIVAC  1106,  FOKTRAH  V 

Comments:  System  la  nonlnteractlvs,  but  appears  easy  to  use  and  versatile. 

Capability  of  easily  Incorporating  cams  and  curved  sliders  Is  useful 
feature . 


KINEHAT 


Developer:  Dratch 

Affiliation:  Stevens  Institute  of  Technology 
Hoboken,  M.  J, 

Application!  Planar  analysis  of  machanlems  for  positions,  velocities,  und 
accelerations.  Program  based  on  line  geometry,  uses  forward  Integration 

scheme. 

Hardware!  Requires  both  SN0B0L  and  FORTRAN  IV  compilers. 

Availability:  Not  available. 

Conmanta:  System  Is  interesting  because  It  is  the  only  one  based  on  line 
geometry.  Also,  It  uses  8NOBOL  to  derive  and  formulate  the  system  of 
analysis  equations,  then  uses  FORTRAN  as  a postprocessor  to  carry  out 
the  numerical  solution. 


KINSYN 


Developers!  R.  Kaufman,  Maurer 
Affiliation!  Department  of  Mechanical  Engineering 
Massachusetts  Inst. tuts  of  Technology 
Cambridge,  Mass.  02139 

Application)  Synthesis  and  analysis  of  pin  or  slldsr-jolntsd  planar  linkages, 
particularly  four-bars  and  slldar-crank  mechanisms . Burmester-based 
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exact  synthesis  for  four  or  five  positions  in  notion  generation,  func- 
tion generation,  or  path  generation.  Yields  all  theoretically  available 
designs  with  given  constraints.  Closed-form.  Provides  interactive  feed- 
back, graphical  input  and  animation.  Designer  oriented  system. 

Hardware:  Original  version  8K  IBM  1130,  Tektronix  611,  storage  tube  display, 

"bowling  ball"  graphical  input  device. 

Graphics:  Yea,  interactive  graphics  through  use  of  non-store  node  on  storage 
tube. 

Consents:  System  capabilities  slnllar  to  those  of  SYNTH,  but  on  a much  smaller 

computer.  Unusual  for  interactive  synthaala  orientation  and  for  esse  of 
use  by  non-speclallsta. 


KINSYN  XI 

Developers:  Kaufman,  Ruegsegger,  Rubel,  Parsons,  Hare,  Knutson 

Affiliation:  Department  of  Mechanical  Engineering 

Massachusetts  Institute  of  Technology 
Cambridge,  Mass.  02139 

Application:  KINSYN  II  enables  a designer  to  synthesise  for  two,  three,  four, 

or  five  positions  of  pin  or  slider  jointed  mechanlssu  without  losing  any 
of  the  design  freedom  Inherent  in  the  problem.  Numerical  techniques 
allow  for  synthesis  of  mechanisms  of  arbitrary  topology  and  for  arbitrary 
performance  requirements.  Interactive,  dynamic  syntem.  Synthesised 
mechanisms  can  be  analysed,  vlth  full  display  of  part  shapes  and  clear- 
ance. 

Hardware:  Imlac  display,  Shlntron  data  tablet,  Interdata  Model  80  mini- 

computer. 

Graphics.  Yes,  dynamic  interactive  display,  with  data  tablet. 

Comments:  Dynamic  graphics  in  a user-oriented,  interactive  system  makes 

system  ideal  for  use  by  designers  with  limited  experience  with  computers 
or  with  theoretical  kinematics.  System  is  self-explanatory  using  a natu- 
ral, graphical  language. 


LSD 


Developer:  Uncertain. 

Affiliation:  Boeing  Computer  Services 

Seattle,  Washington 

Application:  Kinematic  analysis  as  special  case  of  large  scale  structural 

deformation.  Three-dimensional.  Analysis  by  kinetic  and  potential 
energy. 

Availability:  Commercially  available  from  Boeing  Computer  Services. 

Comments:  Program  was  not  primarily  developed  for  kinematics. 


MARKUS 


Developer : Markus 

Affiliation:  Institute  of  Machine  Mechanics 

Slovak  Academy  of  Sciences 
Bratislava,  Caechoslavakla 

Application:  Kinematic  analysis  of  planar  mechanisms  with  lower  pelrs.  Inter- 

active solution  procedure  yields  positions,  velocities,  and  accelerations. 
Input  consists  of  matrices  giving  the  mechanism  topology  and  proportions. 
Hardware:  Algol  60  required. 

Avallablltly:  Not  certain. 

Comments:  System  uses  numerical  approach  to  solving  autoautlcally  generated 

doeurs  equations. 
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MECHSYN 


Developers  Garret,  Reed 

Affiliation:  Purdue  University 

Lafayette,  Ind, 

Application:  Interactive  construction,  modlf lcatlon,  and  anlnatlon  of  pin 

and  slider-jointed  mechanisms.  Coupler  curves,  velocity,  and  accelera- 
tion holographs. 

Hardware:  IMLAC  PDS-1  tied  to  CDC  6500, 

Graphics:  Interactive  dynamic  graphics  using  light  pen. 

Availability:  From  developer. 

Comments:  System  Is  extremely  hardware  dependent  so  that  conversion  to 

another  Installation  would  be  very  difficult. 


HECH  3D 


Developer:  Peterson 

Affiliation:  General  Dynamics,  Convalr  Division 

San  Diego,  Cal. 

Application:  Computer  graphics  front-end  for  IMP-73,  Permits  Interactive 

construction  of  three>allsenslonal  linkages,  performs  topological  dis- 
section of  the  mechanism  and  massages  the  results  Into  form  for  proces- 
sing by  IMP. 

Hardware:  CYBER  display.  Control  Data  6400, 

Graphics:  Yes,  with  dynamic  display  and  light  pen  Interaction. 

Availability:  Not  at  this  time. 

Consents:  MECH  3D  hasn’t  been  finished,  due  to  the  difficulties  of  reworking 

IMF's  data  management  system  for  use  on  the  CDC  6400. 


MEDES 


I 


i 


Developer:  Bona,  Galletti,  Luclfredl 

Affiliation:  Olivetti,  Ivrea,  Italy,  and  University  of  Genoa,  Italy 

Application:  Planar  mechanisms  analysis  and  synthesis.  Five-position  synthe- 

sis and  numerical  optimization,  analysis  of  general  mechanisms.  Cam  and 
gear  design.  Stress  analysis  and  tolerance  analysis. 

Hardware:  IBM  1130,  2250. 

Graphics:  Yes,  dynamic  light  pen  interaction  with  2250  display. 

Availability:  Internal  to  Olivetti. 

Comments:  Part  of  ambltloua  mechanical  design  system  similar  to  COMMEND  I. 
System  Interfaces  to  drawing  management  system  and  N/C  machining  capa- 
bilities. 


MEDUSA 


Developer:  Dlx 

Affiliation:  Illinois  Institute  of  Technology 

Chicago,  111.  60616 

Application:  Dynamic  simulation.  Formulates  equations  of  motion  (newton) 

and  lntegratea.  User  codes  one  eubroutlne  consisting  of  a series  of 
subroutine  calle.  This  sequence  deacrlbee  the  particular  mechanisms 
Joints  to  the  system. 

Availability:  From  developer.  Manual  available. 

Comments:  System  Is  much  slower  running  than  Lagrange-based  systems. 
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RAP 

Developer)  Rjppaport 

Affiliation!  United  Aircraft  Research  Laboratories 
E.  Hartford,  Conn. 

Application:  Position  analysis  of  three-dlstenslonal  mechanisms.  Provides 

for  all  conventional  Joint  types,  together  with  gears,  racks,  and  cams 
acting  on  cams. 

Hardware:  IBM/360  with  IBM  2250, 

Graphics:  Yes.  Dynamic  interaction  with  2250  light  pen  display. 

Availability:  Internal  to  United  Aircraft, 

Comments:  Allows  display  of  three-dimensional  linkages  during  animation,  by 

showing  two  orthogonal  views  on  split  screen. 


SKETCHPAD,  SKETCHPAD-III 

Developers:  Sutherland,  Johnson 

Affiliation:  Lincoln  Laboratory,  M.I.T. 

Lexington,  Mass.  02139 

Application:  One  of  ne  first  CAD  systems.  Sketchpad  was  capable  of  anima- 

ting linkages  by  satisfying  the  graphical  constraint  that  the  lines  not 
separate.  Sketchpad  III  could  do  the  same  in  three  dimensions.  Neither 
system  was  Intended  specifically  for  kinematics. 

Hardware:  Original  system  used  Lincoln's  TX-2  computer.  Sketchpad-like 

capabilities  have  since  been  implemented  on  other  systems  using  AED 
Compiler. 

Graphics:  Yes,  Dynamic  Interaction  with  light  pen  on  a special  display 

scope . 

Availability:  From  developer. 

Consents:  Sketchpad  la  mentioned  mainly  for  historical  perspective,  not  as 

a practical  kinematic  analysis  tool. 


SYNTH 

Developer:  Peterson 

Affiliation:  General  Dynamics,  Convalr  Division 

San  Diego,  Cal. 

Application:  Synthesis  of  four-bar  linkages  using  Burmester  curves.  Allows 

synthesis  of  motion  generating  mechanisms  with  four  precision  positions. 
Also  allows  synthesis  of  toggle  mechanisms  having  specified  dead  center 
positions.  Uses  dynamic  interaction  via  light  pen.  Animation  allows 
Judgment  of  clearances,  etc. 

Hardware:  CDC  6400,  CDC  274. 

Graphics)  Yes.  CDC  274  display  provides  dynamic  interaction  for  both  input 
and  display. 

Availability:  From  developer. 

Cosawnte:  A powerful  design  capability.  Many  featuras  similar  to  KINSYN. 


TOAD 


Developer : Sturges 

Affiliation:  Charles  Stark  Draper  Laboratories,  Inc. 

Cambridge,  Mass, 

Application:  Teleoperator  arm  design  program.  Symbolically  derives  the 
exact  differential  equations  for  open-loop  manipulators.  Includes 
Internal,  centripetal,  Corlolla,  and  gravitational  effects.  Computation- 
ally optimises  the  equations  by  factoring  and  by  application  of 
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trigonometric  Identities,  etc. 

Hardware:  Requires  PL/1-F0RMAC  Interpreter, 

Availability:  From  developer, 

Comments:  Output  of  TOAD  consists  of  the  differential  equations,  In  syiibollc 

fotm,  not  the  manipulator’ a behavior,  Typically  theae  equations  are 
highly  complex  and  could  not  be  obtained  by  hand. 


VECNET 


Developer:  Andrews 

Affiliation:  University  of  Waterloo, 

Waterloo,  Ontario,  Canada 

Application:  Rigid  body  dynamic  analysis  of  three-dimensional  mass-sprlng- 

dashpot  systems.  Not  specifically  applicable  to  mechanisms  at  present, 
though  joint  constraints  are  being  Incorporated  In  the  system.  Based 
on  graph  theory,  program  develops  Its  own  analysis  equations  using  trees 
and  cut  sets  starting  with  a node-node  incidence  matrix  description  of 
the  mechanical  system. 

Availablltly : From  developer,  though  no  manual  currently  exists. 

Cosnents:  At  present,  system  Is  not  designer  oriented  and  la  limited  In  its 

ability  to  handle  three-dimensional  mechanisms.  System  Is  being  expanded 
to  handle  a wider  class  of  problems. 
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nmooucTioN 

Lateral  loads  resulting  fron  a salsale  disturbance  ara  an  Important  considera- 
tion in  the  design  of  structures  in  nany  parts  of  the  world.  Unlike  nost  oth- 
er loads  acting  on  the  structure,  the  dyuaalc  effects  associated  with  selsalc 
loads  are  significant.  The  energy  contained  in  a selsalc  disturbance  la  con- 
centrated in  the  1 through  10  cpa  frequency  band  so  that  response  ampllflca- 
tlons  due  to  the  interaction  of  the  disturbance  with  the  primary  vibrational 
nodes  of  the  structure  are  to  be  expected.  This  suggests  that  dynamic  analy- 
ses are  required.  Because  of  the  cooplsxltles,  however,  of  performing  such 
analyses  it  has  been  standard  practice  [1]  to  represent  selsalc  loads  with 
"equivalent"  static  loads.  Seismic  loads  may  then  be  handled  in  the  same 

manner  as  any  other  static  loading.  Connuter  software  available  to  treat  the 

static  problem  le  discussed  elsewhere  [21 , and  is  tharafore  not  consldared 
further  in  this  chapter. 

The  severity  of  seismic  loadings  have  required  that  engineers  make  some 
reasonable  trade  off  betwmen  safety  and  sconomics  during  the  design  process. 

To  alleviate  thla  difficulty  recent  trends  in  building  codes  have  been  in  the 
direction  of  requiring  that  a dynamic  analysis  be  performed  for  seismic  load- 
ing. For  example,  all  primary  cosmonauts  of  nuclear  power  plants  constructed 
in  the  United  States  must  be  the  subject  of  a dynamic  analysis  to  evaluate 
seismic  effects.  This  is  even  required  for  plants  which  ara  to  be  constructed 
in  selsmlcally  inactive  areas.  The  objective  of  this  chapter  is  to  discuss  com- 
puter software  that  is  available  to  treat  the  seismic  response  problem  when 

dynamic  effects  are  Included. 

The  subject  area  is  divided  into  the  following  areas  of  interest* 
e free- field 

e structure/madla  interaction 
e structural  response 

In  each  of  the  areas  the  alternative  approaches  which  can  be  used  in  generat- 
ing solutions  ara  first  discussed  followed  by  a presentation  of  computer 
software  which  is  available.  So  that  each  of  tbs  above  areas  may  be  put  into 
proper  perspective^  an  overview  of  ths  selsalc  design  problem  is  first  given. 


DESIGR  OF  SHUCTUUS  FOB  SEISMIC  EFFECTS 

An  overview  of  the  problems  involved  in  ths  design  of  facilities  for  seismic 
affects  is  given  in  Fig.  1.  An  earthquake  originates  at  tbs  epicenter  by  a 
"sudden"  fracture  of  the  bedrock.  The  strain  energy  stored  in  the  rock  is  re- 
leased to  the  surrounding  rock  mass  in  ths  form  of  kinetic  energy.  This  en- 
ergy then  radiates  out  to  the  location  of  interest. 

The  magnitude  and  shape  of  the  disturbance  that  finally  reaches  the  site 
depends  of  course  on  the  intensity  of  ths  energy  released  at  ths  source  but 
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also  depends  on  Che  geology  between  Che  source  and  site.  Because  of  the  rela- 
tive stiffness  of  the  bedrock  to  that  of  the  overlying  soli  nest  of  the  energy 
Is  transmitted  through  the  bedrock.  As  the  disturbance  propagates  through  the 
bedrock  In  the  vicinity  of  the  facility,  energy  propagates  through  the  soil 
overburden  to  the  facility.  The  disturbance  reaching  the  facility  then  depends 
on: 

e the  characteristics  of  the  faulting  at  the  epicenter 
e the  geometry,  mass,  and  stiffness  properties  of  the  bedrock  between  the 
e epicenter  and  the  site 

e the  properties  of  the  soil  overburden  In  the  area  of  the  facility 
The  facility  Itself  tends  to  move  with  the  soil  overburden,  thereby  Intro- 
ducing seismic  Inertial  loadings  on  the  structure.  Because  of  differences  In 
mass  and  stiffness  of  the  facility  from  that  of  the  soli  It  displaces  the  mo- 
tion of  the  facility  varies  from  the  motion  of  the  surrounding  soil.  This  ef- 
fect Is  termed  soil/structure  Interaction.  If  the  structure  Is  massive  then 
the  free-fleld  motion  is  also  altered  at  considerable  distances  from  the 
structure  as  a result  of  this  Interaction.  This  may  require  that  the  effects 
of  one  structure  on  a nearby  structure  must  be  considered. 

Once  the  motion,  or  equivalently  forces,  acting  on  the  structure  have 
been  determined  Its  response  may  be  evaluated  by  standard  methods  of  structur- 
al dynamics.  It  Is  usual  practice  to  uncouple  tha  equipment  from  the  sain 
structure  when  this  dynamic  analysis  Is  performed.  This  Is  done  to  accomodate 
the  usual  design  process  with  diffsrent  engineering  groups  having  responsibil- 
ity for  the  structure  and  equipment.  Seismic  response  of  the  primary  struc- 
ture is  evaluated  considering  the  mass  of  all  equipment  to  be  rigidly  attached 
to  the  structure.  Motion  histories  at  equipment  support  points  are  then  used 
as  the  basis  for  detailed  design  of  the  equipment. 


SHOCK  SPECTRA 

In  many  parts  of  the  design  process  outlined  above  a detailed  treatment  of  the 
seismic  disturbance  In  terns  of  a motion  time  history  ie  unwarranted  In  view 
of  the  uncertainties  which  exist.  A less  detailed  representation  of  any  dis- 
turbance Is  the  shock  spectra  of  the  disturbance.  Tha  shock  spectra  repre- 
sents the  peak  response  of  a linear  oscillator  to  the  disturbance,  thereby 
characterizing  e disturbance  by  the  peak  response  It  causes.  Software  avail- 
able for  generating  spectra  from  notion  histories  and  motion  histories  to  fit 
e given  spectra  ere  discussed. 


Shock  Spectre  for  a Have  Form 

The  problem  ie  to  calculate  the  peak  response  of  a damped  linear  oscillator 
shown  In  Fig.  2a  to  the  given  disturbance  for  e range  of  oscillator  frequen- 
cies. The  governing  equation  :s 


•'  e * 2 

Z + - Z + i/z 

a 


• » 

-r 


(i) 


where  Z - relative  dlsplacesMnt  of  linear  oscillator  bees  to  mass 
c - damping 
a ■ mess 
y » disturbance 
u * circular  frequency 

Tha  usual  method  of  solution  Is  to  obtsln  sn  analytic  solution  based  upon  a 
piecewise  linear  description  of  the  disturbance.  The  maximum  response  Is  then 
sought  by  searching  throughout  the  total  duration  of  the  pules.  A plot  of 
this  peak  response  as  shown  on  Fig,  2b  Is  the  shock  spectra  of  y(t).  Special 
provision  must  be  made  for  extending  the  pulse  so  that  the  final  velocity  Is 
zero  If  maximum  responses  occurring  after  the  pulse  duration  are  to  bo 
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considered.  Warnings  should  be  Included  In  the  computer  code  setting  frequen- 
cy limits  for  the  validity  of  tha  results.  The  maximum  valid  frequency  for 
the  spectra  la  determined  by  the  spacing  of  data  points  (At)  In  the  distur- 
bance while  the  minimum  valid  frequency  la  set  by  tha  duration  of  tha  pulse 
(t  ) . Reasonable  ranges  are 


^ - 10  (2) 


Tmax  - 0.10 


where  T , T are  maximum  and  minimum  periods  of  shock  spectra. 
oiax  am 

Many  of  tha  dynamic  response  computer  software  packages  have  shock  spec- 
tra routines  built  into  the  cods)  these  will  be  discussed  in  conjunction  with 
the  response  codes.  Specific  packages  available  to  generate  shock  spectra  are 
RPKCEQ/SFECUQ  (l)1  and  SPECTR  (2). 


Wave  Form  to  Fit  a Spectra 

The  Inverse  problem  of  generating  a wave  form  that  fits  a given  spectrum  is 
also  of  interest.  Thera  is  no  unique  solution  to  this  problem  however  so  that 
some  additional  criteria  are  needed  to  select  tha  wave  form  best  suited  to  the 
problem.  The  usual  criteria  employed  in  selecting  a wave  form  to  fit  a given 
spectra  is  that  given  in  Eq.  (2)  defining  tha  frequency  range  over  which  one 
can  expect  tha  wave  form  to  fit  tha  spectra  plus  a criteria  that  the  accelera- 
tion record  contain  a relatively  uniform  frequency  content  (so  that  all  poa- 
slble  modes  in  the  frequency  range  of  interest  may  be  excited). 

Wave  forms  are  selected  in  the  form, 

y (t)  ■ I*  C Sin  X(t-t) 
n-1  ■ “ “ 


(3) 


»n  - 2B/ta 


where  CQ  are  tha  magnitudes  of  the  modal  components  of  tbs  pulse  and  tn  ara 

the  nodal  time  phasing  components.  The  range  in  X must  encompass  the  fre- 
quency range  of  the  spectra  over  which  the  fit  is  desired . The  required 
may  be  evaluated  from 


N 


<*) 


Hhe 


number  after  Computer  Code  Acronyms 
lag  of  codes  in  Table  2.‘ 


refers  to  a bibliographic  list- 
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SIMEAR  (3)  1b  a computer  code  available  through  National  Information  Service 
Earthquake  Engineering  (NISEE)  which  ganerataa  the  parametera  (C  ) baaed  upon 
a random  aelectlon  of  modal  time  phaelng  componenta  (t  ) . 


FREE  FIELD 

The  aelamlc  analyala  of  atructurea  la  performed  with  conalderatlnn  given  to 
the  area  Immediately  aurroundlng  the  facility.  Any  effacta  that  the  geologic 
formatlona  located  between  the  alte  and  epicenter  may  have  on  the  tranamlaalon 
of  the  dlaturbance  to  the  alte  are  not  conaldered  In  detail,  The  free  field 
could  be  modeled  with  finite  elementa  aa  Indicated  In  Fig.  3a,  a dynamic  dis- 
turbance Input  at  the  fault,  and  the  aquations  of  motion  Integrated  to  obtain 
the  resultant  seismic  dlsturbsnce  at  various  distances  from  ths  source.  Mi  ny 
finite  element  codes  (e.g.  ANSYS  (7),  SLAM  (6)) could  bs  used  to  perform  this 
calculation. 

Several  factors  mitigate  against  such  computations  howevsr.  First,  the 
sites  of  Interest  are  located  far  from  the  source  so  that  the  required  else  of 
a finite  element  mesh  would  lead  to  computationally  intractable  problems. 

Since  cylindrical  dlaperslon  of  the  energy  la  an  Important  consideration,  the 
problem  will  be  three  dimensional  unless  an  axlsynmetrlc  model  la  used.  But 
this  places  unreasonable  restriction  on  the  geologic  variations  used  to  modal 
the  region.  This  difficulty  makes  the  problem  size  still  further  beyond  the 
reach  of  currant  codes  and  computer  capabilities.  Second,  the  wave  propaga- 
tion calculation  requires  detailed  material  property  data  for  the  entire  re- 
gion of  Interest  (l.u.  from  eplcentar  to  site).  As  a minimum  the  elastic  and 
damping  properties  of  the  bedrock  are  needed  If  any  useful  data  were  to  be  ob- 
tained. This  data  Is  usually  not  available  and  would  be  costly  to  obtain. 

This  1e  an  area  where  one  would  expect  further  development.  Probably  the 
Initial  directions  will  be  to  apply  existing  software  to  problems  associated 
with  unusual  geologic  formations  In  the  Immediate  vicinity  of  the  site  as  In- 
dicated In  Fig.  3b  (e.g.  vertically  stratified  bedrock,  domes  In  the  bedrock). 

There  ere  several  codes  available  to  treat  such  problems;  current  seismic 
design  practice  however  does  not  require  that  these  analyses  be  performed. 

There  are  codes  such  as  QUAD  -4  (S)  and  SLAM  (6)  which  have  been  developed  for 
the  epedflc  purpose  of  anelyslng  the  propagetlon  of  disturbances  through  soli/ 
rock  media.  Both  of  these  codes  are  based  upon  a finite  element  representa- 
tion of  the  media  and  have  the  capability  of  Incorporating  nonlinear  media 
properties.  Ths  former  code  can  Include  material  damping.  Material  (soil) 
damping  Is  an  Important  factor  In  assessing  the  extent  to  which  the  Input  dis- 
turbance Is  amplified  by  the  frequencies  of  the  soli  system.  SLAM  coda  con- 
tains “non-reflecting”  boundaries  (boundaries  of  the  finite  element  mesh 
which  absorb  the  disturbance  as  If  the  mash  ware  extended  beyond  the  boundary). 
This  feature  allows  relatively  small  meshes  to  be  used.  The  large  general 
purpose  codes  such  as  ANSYS  (7)  and  NAS  TRAN  (8)  can  also  be  used.  However  the 
special  purpose  programs  are  more  useful  than  the  general  purpose  programs  In 
that  they  contain  features  designed  to  meat  the  specific  needs  of  the  special 
problems. 

The  difficulties  discussed  above  are  circumvented  in  practical  design 
problems  by  spsdfylng  a criterion  seismic  disturbance  at  the  site  of  interest. 
Actual  earthquake  records  may  be  obtained  from  California  Institute  of 
Technology  (4).  Th.'s  specification  Is  usually  In  the  form  of  a shock  spactra 
describing  the  expectaa  seismic  notion  at  the  surface.  The  magnitude  of  spec- 
tra Is  deduced  from  a consideration  oft  the  selsnologlcal  history  of  the  area; 
potentially  active  faults;  the  local  geology;  and  tha  soil  overburden. 

For  many  analyses  the  spectral  form  of  tha  disturbance  Is  Inadequate  and 
must  be  converted  to  a time  history.  This  may  be  accomplished  as  discussed 
above.  The  surface  time  history  often  must  be  expanded  to  Include  time  his- 
tories st  various  levels  In  the  soil  overburden. 

This  nay  be  done  based  upon  the  shear  beam  model  of  the  soil  as  shown  In 
Fig.  3c,  This  model  la  based  upon  the  aaaustptions  that  adjacent  columns  of 
soli  undergo  the  sane  displacement  es  the  one  under  consideration,  and  that 
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the  deformation!  of  Interest  are  aaaoclated  with  shear  atralna  of  tha  column, 
the  required  column  properties  are  the  shear  modulus  (0.)  and  the  soil  damping 
(D .) . These  properties  may  be  varied  from  layer  to  layer.  While  tha  eoll 
properties  usually  vary  with  strain  level,  moat  of  the  analyses  are  performed 
assuming  constant  properties  with  the  actual  strains  used  to  select  the  appro- 
priate property  value.  This  often  requires  that  trial  runs  be  made  to  aesess 
the  strain  magnitude. 

Two  methods  of  analysis  are  available,  one  using  a vertical  finite  ele- 
ment technique  and  the  other  making  use  of  the  continuous  solution  technique 
for  one  dimensional  shear  waves  travelling  vertically  upwards  through  contin- 
uous layers. 

With  the  properties  of  tha  soil  known,  the  continuous  method  of  analyele 
follows  In  a straightforward  manner.  If,  for  example,  the  bedrock  motion 
history  (at  a particular  frequency)  la  defined  In  complex  form  by 

uj/t)  - 0b  elMt  (5) 


a simple  matrix  equation  of  tha  fotm 


1C]  {0}  - (F>  (6) 


can  be  generated  to  determine  the  corresponding  coefficients  at  each  soil  layer 
Interface.  In  Eq.  (6),  tha  vector  (F>  la  a known  vector  In  terms  of  the  speci- 
fied input  coefficient,  U^,  and  (0)  is  the  vector  of  corresponding  Interface 
coefficients;  that  la,  at  the  1th  Interface 


ut(t) 


Ui* 


let 


(7) 


The  matrix  C la  determined  by  satisfying  the  eoll  Interface  continuity  condi- 
tions. All  terms  In  Eq.  (6)  are  of  course  complex  so  that  for  H soil  layers, 
Eq.  (6)  la  equivalent  to  solving  a 2N  system  of  linear  equations  at  every  fre- 
quency of  Interest,  a straightforward  task. 

If  the  lumped  mss  method  of  analysis  Is  used,  the  first  step  In  the 
analysis  requires  that  all  tha  corresponding  natural  frequencies  of  the  column 
be  generated.  Once  this  Is  available,  tha  steady  state  solution  Is  asslly  ob- 
tained. However,  for  long  soli  columns  or  for  esses  requiring  high  frequency 
response,  a fine  finite  element  m<sh  la  required  leading  to  a large  number  of 
degrees  of  freedom.  Generation  of  the  nodes  of  this  system  then  leads  to 
lengthy  computer  running  times.  SHAKE  (9)  and  SLABS  (10)  are  codes  available 
to  perfot*  this  analysis.  Both  are  based  upon  the  continuum  model  of  the  soil 
column. 


STKUCTUIE /MEDIA  INTERACTION 

The  process  of  converting  the  free-fleld  seismic  dlsturbsnce  to  forces  acting 
on  the  structure  Is  termed  structure/media  interaction.  This  aspect  of  the 
overall  computation  Is  usually  handled  as  a part  of  the  response  calculation 
so  that  there  is  no  computer  software  devoted  solely  to  the  interaction  prob- 
lem. Rather  various  models  of  the  Interaction  process  are  embodied  within  the 
response  codes  to  be  discussed  in  the  next  section  of  the  peper.  The  various 
approaches  to  the  problem  ere  dlscueeed  here. 

Consider  the  general  problem,  shown  In  Fig.  4,  of  computing  lnterectlon 
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forces  acting  on  the  embedded  structure  given  the  bedrock  seismic  disturbance. 
There  are  two  general  approaches  used  to  attack  this  problem  (excluding  wholly 
analytic  solutions  as  untenable  for  configurations  of  Interest),  The  first  la 
a finite  element  model  of  the  entire  problem  and  the  second  la  baaed  upon  an 
approximate  Interaction  law  which  decouples  the  structure  from  the  free  field. 


Finite  Element  Model 

A finite  element  model  of  the  problem  is  shown  on  Fig.  J wherein  finite  ele- 
ments are  used  to  model  the  free  field.  The  propagation  of  the  disturbance 
from  bedrock  to  the  surface  is  computed  by  numerical  integration  of  the  equa- 
tions of  motion  developed  for  the  mesh.  To  treat  the  interaction  of  the  free- 
fleld  soil/rock  with  the  structure,  the  finite  element  mesh  can  be  continued 
through  the  structure  wall.  Thua,  no  other  considerations  need  be  made  In  the 
developed  code  (save  for  possible  separation  and  sliding  effects).  However, 
thla  approach  has  serious  drawbacks . Many  more  elements  would  be  required  to 
treat  the  structure  in  thla  mannar,  increasing  computer  running  times . Of  more 
Importance,  however,  la  the  following  fact.  The  stlffest  material  encountared 
in  a typical  problem  ia  usually  tha  structural  material.  In  addition,  the 
smallest  sited  elements  in  the  problem  occur  through  the  thin  wall  of  the 
structure.  This  combination  leads  to  extramaly  high  frequencies  in  the  mash, 

In  turn  leading  to  extremely  small  time  steps  in  the  required  numerical  inte- 
gration procedure.  In  fact,  this  occurs  because  the  mesh  in  the  structural 
wall  la  able  to  transmit  tha  high  frequency  thrcugh-the-thickness  wavea  which 
would  develop. 

Thla  refinement  in  the  solution  la  generally  unwarranted.  In  fact,  the 
usual  structural  representation  lu  a soil-structure  interaction  analysis  con- 
sists of  the  rigid  body  modes  of  the  structure  together  with  its  lower  free- 
free  elastic  modes  of  vibration. 

In  the  finite  element  approach  to  tha  dynastic  soil-structure  interaction 
problem,  tha  following  aspects  are  usually  lndudsd. 

a)  The  frea-fleld  is  represented  by  a finite  element  mash  and  treats  the 
wave  propagation  problem  through  a layered  soil/rock  site,  each  mate- 
rial in  the  f'.ee-f laid  being  allowed  to  have  its  own  nonlinear  con- 
stitutive relationship. 

b)  Tha  structure  is  represented  by  its  rigid  body  nodes  together  with 
its  lower  free-free  elastic  nodes. 

c)  Potential  separation  and  sliding  between  tha  structure  and  tha  frea- 
fleld  can  be  treated  by  means  of  a special  alament  (of  saro  thickness) 
placed  between  the  structure  and  the  soil. 


Approximate  Interaction  Law 

Interaction  forces  may  be  computed  with  an  approxlmata  law,  the  essential  fea- 
ture of  which  is  decoupling  of  the  structure  from  tbs  free  field.  The  obvious 
advantage  of  this  approach  la  that  tha  free  field  motion  time  history  in  the 
vicinity  of  tha  structure  may  be  used  as  the  forcing  disturbance  of  the  struc- 
ture, thereby  eliminating  the  requirement  to  simultaneously  model  the  free 
field  and  structure. 

In  determining  the  proper  soil-structure  model,  two  aapecti  of  the  inter- 
action process  nay  be  considered,  namslyt  equivalent  stiffness  and  damping  of 
the  soil  below  the  bass  of  tha  structure)  and  effects  of  depth  of  burial  on  the 
interaction. 

The  determination  of  tha  base  interaction  parameters  is  made  by  comparison 
with  analytic  solutions  obtained  for  the  steady  State  response  of  a uniform 
elastic  half-spaca.  These  solutions  were  originally  obtained  by  Bycroft  (4] 
for  circular  foundations  on  tha  surface  of  the  half-space.  From  these  anal- 
yses a aeries  of  studies  was  conducted  from  which  equivalent  base  interaction 
springs  and  dampers  were  determined  [5  - 11].  In  all  cases,  it  was 
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found  that  the  baa*  Interaction  conatanta  vara  a function  of  tha  Input  ateady 
atata  frequency.  For  a typical  aalaalc  Input,  however,  the  free-fleld  motion 
conalata  of  energy  over  a band  of  frequanclea.  Thla  lmpllae  that  the  Inter- 
action paraaetera  ahould  than  ba  a function  of  frequency  of  the  Input  motion. 
Fortunately,  for  moat  of  the  parameter  a,  thla  frequency  dependence  la  not  ee- 
vere  ao  that  conatant  aprlng  and  daahpot  paraaetera  can  be  uaad. 

Rapreeentatlve  parametera  are  Hated  below,  and  ahown  on  Fig,  6. 
Horlaontal  aprlng  conatant: 


K 


x 


(0.9) 


32(1  - w 

0 - 4 V 


Horlxontal  daahpot  conatant: 


cx  “ <°'57)  TrH#  pV2 


(8) 


Rocking  aprlng  conatant: 


■ <°-8)  in  *"ii)pTi‘3 


Rocking  daahpot  conatant: 


c.  ■ Jirhr 


pv. 


In  Eq.  (8),  Va  la  tha  ahear  wave  velocity  (-/57p),  G la  the  ahear  modulua 
of  tha  aoll,  p la  the  aoll  maaa  denalty,  a la  the  baaa  radlua,  and  p la 
Poleaon'a  ratio. 

In  addition  to  the  baaa  atlffneaa  affecta  llated  above,  the  effecta  of 
depth  of  burial  on  the  Interaction  paraaetera  auat  be  accounted  for.  To  uaa 
the  aaae  phlloaophy  aa  tha  pravloua  analyala,  that  la,  to  repreeent  the  Inter- 
action proceae  through  a aerlea  of  aprlnga  and  daahpota,  a different  formu- 
lation technique  muat  ba  uaad.  In  [12],  a detailed  dlacueelon  of  auch  an 
Interaction  model  la  praeanted.  The  loading  applied  to  the  etructure  la  writ- 
ten aa 


or  - k(wo  - w#)  + »(w0  - J§) 


(9) 


where 

or  - radial  atreaa  applied  to  the  atructure 
w0  - free  field  radial  dlaplaceaent  of  the  aoll 
wa  ■ radial  dlaplacearant  of  the  atructure 
w - correapondlng  radial  velocltlea 
k • foundation  Interaction  aprlng 
a » foundation  Interaction  daapar 

Thla  type  of  Interaction  law  haa  bean  uaad  prevlouely  for  both  atatlc  and 
dynaalc  probleaa  (protective  conatructlon  problema,  culvert  deelgn),  and  vaa 
developed  on  the  baala  of  both  analytical  and  experimental  atudlee  on  burled 
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FINITE  ELEMENT  MODEL  OF  FREE  FIELD 


DISTURBANCE 


Flnlta  decent  model  of  etructure/medle  Interaction 


Kg  - ,213V|pas/(l  - U) 

C.  - .AOOV-paVd  - ») 

6 ■ 

K » 27.8V2pa(l  - p)/(7  - Ip) 

s ■ 

■ 18.2Vgpa2 (1  - w)/(7  - 8p) 
or  • k (Aw)  + a(Av) 

Fig.  6 Approximate  Interaction  nodal 


I 

! 


ShlSMIC  ANALYSES 


357 


cylindrical  structural.  A comprehensive  Hat  of  theaa  reftrancai  la  praaantad 
In  [12].  From  [12],  tha  parameters  k and  a can  ba  determined  from  tha  soil 
properties  through 


k • E /2a 
c 

a - n P Vc 


(10) 


where  Ec  la  the  constrained  modulua  of  tha  soil,  p la  the  soil  naas,  and  Vc  la 
the  dllatatlonsl  wave  speed  of  the  soil.  The  parameter  n is  a damping  factor 
which  on  tha  basis  of  the  experimental  results  of  [12]  la  choaan  as  0.5. 

For  an  elastic  material  the  constrained  modulus  la  simply 


E ■ 2G(l-w)/(l-2u)  (11) 

c 


where  C la  the  shear  modulus  and  U la  Folason's  ratio.  The  dllatatlonal  wave 
speed  la 


V - 

c 


P 


(12) 


Beredugo  and  Novak  [13]  have  recently  obtained  analytic  solutions  for 
this  problem  of  the  same  form  as  Bycroft  [4]  did  for  tha  foundation.  The 
''constants"  of  the  Interaction  law  are  again  found  to  ba  functions  of  frequency 
but  for  practical  problems  tha  selection  of  these  parameters  as  constants  la 
reasonable . 


STRUCTURAL  RESPONSE 

The  problem  of  primary  Interest  to  the  engineer  la  aa leasing  tha  magnitude  of 
the  stresses  In  the  structure  and  tha  motion  of  equipment  support  points  aa  a 
result  of  the  selamlc  disturbance.  For  a typical  structure  such  as  shown  In 
Fig.  7 the  governing  aquations  arat 


Mx  + CX  + Kx-F  + P 

c 


(13) 


where 

M » mass  matrix  of  structure 
C ■ damping  matrix  of  structure 
X - stlffnesa  matrix  of  structure 
F » interaction  forces 

Pc  » correction  forces  to  account  for  nonlinear  effects 
x ■ displacement  vector 

Selection  of  the  method  of  solution  and  tha  form  In  which  the  parameters 
of  Eq.  (13)  are  specified  depends  to  a large  am  tent  upon  the  degree  of  precision 
desired,  Computer  software  is  available  to  treat  most  structural  representa- 
tional the  only  reel  limitation  Is  the  coat  of  computer  time  to  Implement  the 
more  sophisticated  solutions. 

The  following  three  methods  may  be  used  to  solve  Eq,  (13) » 

1,  Direct  Integration  - A numerical  Integration  scheme 
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MX  + CX  + KX-F  + P 

c 

M ■ Mass  Matrix 
C ■ Damping  Matrix 
K ■ Stlffnaaa  Matrix 
X • Dlaplacaaant  Vactor 
F • Interaction  Forcaa 
Pc  - Correction  Forcaa 
Accounting  for  Non- 
Linear  Structural 
Behavior 


Fig.  7 Structural  reeponae  probleat 


(a.g.  Bunge-Kutta)  la  uaed  to  directly  Integrate  the  equatlona  of  notion . 

Thla  hae  the  advantaga  of  allowing  for  the  lnclualon  of  nonlinear  effecta  (Pc) 
and  any  form  of  the  damping  matrix  (C).  The  dlaadvantage  la  the  long  run- 
ning tlmea  required  for  problama  of  typical  alee. 

2.  Direct  Integration  of  modal  equatlona  - The  nodea  of  vibration  are 
determined  and  uaed  to  recaat  Eq.  (13)  Into  modal  equatlona.  The  principal 
advantage  of  thla  method  la  that  the  modal  equatlona  are  uncoupled  from  each 
other  ao  that  only  the  nodea  of  lntereet  need  to  be  Integrated,  thereby 
greatly  reducing  the  order  of  the  ayatam.  The  dlaadvantage  of  thla  approach 
la  the  reatrlctlon  placed  on  the  deacrlptlon  of  the  atructure.  The  damping 
auitrlx  muat  ba  of  a particular  fora  ao  that  the  modal  equatlona  ara  uncoupled 
and  nonlinear  effecta  In  the  atructure  cannot  ba  Included. 

3.  Shock  apectrum  - The  nodea  of  vibration  of  the  atructure  are  deter- 
mined. The  peak  raaponae  In  each  of  the  nodea  la  evaluated  from  the  ahock 
apectrum  of  the  free  field  motion.  The  total  reeponae  may  than  be  deter- 
mined by  cunning  the  nodal  raaponaaa.  Since  all  aepacta  of  phaelng  ara  loet 
In  thla  method,  only  an  upper  bound  to  the  peak  reeponae  la  found. 

For  each  of  theaa  aathoda  there  are  eeveral  opt Iona  for  deacrlblng  the 
atructure  and  the  atructura/medla  Interaction  procene.  The  naaa  and  atlff- 
neee  of  the  atructura  may  ba  modeled  In  detail,  reaultlng  In  a large  number 
of  degreae  of  freedom,  or  may  be  modeled  with  an  equivalent  ayatam  having 
a reduced  number  of  dagreee  of  freedom.  A detailed  model  nay  ba  required 
to  obtain  reliable  atraaa  aatlmatea,  while  a lean  detailed  nodal  would  euf- 
flce  to  compute  the  notion  of  equipment  aupport  point a.  Nonlinear  atruc- 
tura 1 effecta  normally  ara  not  Included  In  the  analyela.  The  Inereaaed  model 
complexity  and  reaultant  longer  computer  running  tinea  required  to  Include 
nonlinear  effecta  ara  unwarranted  In  view  of  the  uncartalntlee  which  atlll 
exlat  In  the  deacrlptlon  of  tha  frae-fleld  eelenlc  disturbance. 

The  Interaction  process  may  be  modeled  aa  discussed  above.  Again,  the 
more  sophisticated  modal  of  tha  Interaction  procaae  la  often  unwarranted.  A 
aummary  of  tha  types  of  codes  available  to  treat  theaa  reepooee  problems  la 
given  In  Table  1.  Each  of  the  structural  modal  types  shown  In  tha  Table  la 
dlscusaad. 
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Table  1 Structural  Ana ly ale  Software 


^SN>JNTERACTION 

"EXACT" 

APPROXIMATE 

STRUCTURE 

NONE 

WELDED 

SLIP 

NO  DEPTH  OF 
BURIAL 

DEPTH  OF 
BURIAL 

3D  FRAME/PLATE 

I 

NOT 

FEASIBLE 

NOT 

FEASIBLE 

I 

I 

2D  FRAME/PLATE 

I 

I 

NOT 

PRACTICAL 

I 

I 

SHELLS 

II 

NOT 

PRACTICAL 

NOT 

PRACTICAL 

I 

I 

EQUIVALENT  BEAMS 

III 

I 

NOT  OF 
INTEREST 

III 

III 

FOCUS  ON  INTERACTION 
PROBLEM  - F.E.  SOIL 
MODAL  REPRESENTATION 
OF  STRUCTURES  (2D) 

NOT  OF 
INTEREST 

IV 

IV 

NOT  OF 

INTEREST 

FOCUS  ON  INTERACTION 
(3D) 

NOT  OF 
INTEREST 

V 

V 

NOT  OF 



INTEREST 

I ANSYS,  NAS  TRAN,  STARDTNE,  ICES/DTNAL 

II  KSHEL,  SABOkl 

III  SIM 


IV  SLAM 

V FARSS 


1.  3D  Frane/Plate  - Whan  thraa-dlnanalonal  aspect*  of  the  structure  ara 
to  ba  Included,  general  purpose  codes  such  a*  ANSTS  (7),  NAS  TRAM  (8),  STAR- 
DYNE  (11),  ICES/DTNAL  (12),  or  SAP  IV  (13)  should  be  ueed.  Because  of  band- 
width llnltetlona  It  la  not  feasible  to  Include  an  exact  Modeling  of  the 
Interaction  procese  In  theee  problems. 

2.  2D  Frane/Plate  - The  sasw  general  purpose  codes  are  used  for  two- 

d lawns Iona 1 probleaw.  It  la  feasible  to  extend  these  structural  nodal  Into 
tha  free-fleld  so  that  the  exact-welded  Interaction  boundary  1*  Included.  The 
soli  Is  node  led  with  finite  alaaants  and  soil  nodes  connected  to  the  structural 
nodaa  at  tha  Interface.  The  slip  boundary  would  permit  relative  notion  of 
the  soli  and  structural  nodes  located  along  the  interface.  Becauaa  of  conpu- 
tatlonal  difficulties  It  la  not  practical  to  Incorporate  this  slip  boundary 
with  a detailed  nodal  of  the  structure. 

3.  Shell*  - KSHEL  (14)  and  SABOR  (13)  era  two  code*  which  nay  be  used 
to  handle  shall  type  structures.  These  codas  integrate  classical  shall  aqua- 
tion* along  a nsrldlan  with  all  quantities  expanded  In  * Fourier  series  in  tha 
clrcueferential  direction.  Itructure/nedla  Interaction  cannot  be  Included. 
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If  interaction  af facta  ara  to  ba  Included,  than  the  general  purpose  codaa 
sectioned  In  1.  suet  ba  uaad  with  flat  plate  finite  alaaanta  uaad  to  sodal 
the  aha 11. 

4.  Equivalent  beam*  - For  many  problasa  a detailed  nodal  of  the  atruc- 
ture  sap  ba  too  aophlatlcatad.  An  equivalent  ayatan  with  a reduced  nuabar  of 
dagreea  of  freedon  la  conatructad.  Maeaaa  ara  lusped  at  floora  or  at  other 
polnta  where  heavy  aqulpnent  la  located,  and  alasanta  having  atlffnaaaaa  equiv- 
alent to  that  of  tha  actual  atructura  ara  uaad  to  connect  the  aaaaaa.  SIM  (16) 
la  a coda  which  eaploye  baas  alasanta  to  connect  tha  saaaaa  and  lncorporataa 
tha  approximate  Interaction  law. 

5.  Structure/Madia  Interaction  - Ihe  laat  two  rowa  of  Table  1 rapraaant 
application  focueed  on  tha  interaction  problaa.  Since  tha  atructura  la 
uaually  such  sort  rigid  than  the  aoll.  It  would  be  dealrabla  to  concentrate 
tha  dagreea  of  freedoa,  uaad  to  daacrlba  tha  problaa,  In  the  aoll  rather  than 
the  atructura.  SLAM  (6)  allova  for  a finite  alasant  rapraaentatlon  of  tha 
soil  coupled  with  a nodal  rapraaentatlon  of  tha  atructura.  This  coda  la 
restricted  to  two-dlsanalonal  problasa.  FARSS  (17)  allow*  for  a Fourlar 
aarlaa  rapraaentatlon  of  paraaatara  in  tha  circumferential  direction  ao  that 
thraa-dlaenslonal  affacta  could  ba  approxlaatad. 


SUMMIT 

A review  of  computer  software  available  to  treat  tha  salealc  response  of  struc- 
tures has  baan  given.  Tha  following  results  war*  glvant 

1.  Little  consideration  la  given  to  the  affect  of  tha  geologic  condi- 
tions between  a fault  and  tha  alta  In  performing  seismic  analysis.  A quali- 
tative aaaesaaant  of  tha  salealc  risk  leads  to  the  apaclflcatlona  of  a fra* 
field  apactra  at  tha  surface  of  the  alta.  Computer  codas  are  available  to 
fit  motion  histories  to  this  spectra  and  to  compute  consistent  time  histories 
at  other  depths. 

2.  Structure/nedla  Interaction  affect*  may  ba  Included  In  an  analysis 
through  an  "exact  treatment  of  tha  bouudary  conditions  at  tha  Interface  be- 
tween tha  structure  and  soil  or  through  an  approximate  Interaction  law  which 
uncouples  tha  fraa  field  from  the  structure.  It  la  usually  not  possible,  be- 
cause of  computer  hardware  limitations,  to  usa  the  "exact"  Interaction  nodal 
with  a detailed  model  of  tha  atructura.  Tha  same  limitations  have  restricted 
the  "exact"  Interaction  model  to  be  applied  to  two-dlaenalonal  problems. 

3.  A large  variety  of  computer  codaa  ara  available  to  treat  the  struc- 
tural rasponsa  problem. 
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Simulation  of  Human  Body  Response  to  Crash  Loads 


D.  H.  Robbins 

Highway  Softly  Research  Institute 


INTRODUCTION 

During  the  past  fifteen  year*,  mathematical  almulatlona  of  groaa  human 
body  mot  Iona  have  been  developed  aa  research  and  development  aids  for 
studying  human  response  to  a dynamic  impact  environment.  The  major  Impe- 
tus for  this  work  was  the  highway  safety  and  automobile  occupant  protec- 
tion movement  which  began  in  the  mid-1960's.  More  recently,  these  simula- 
tions have  been  adapted  to  the  study  of  aircraft  occupants,  pedestrians, 
and  cyclists.  In  genaral,  they  are  applicable  to  any  situation  where  a 
human  may  be  subjected  to  Impact.  Figure  1 is  a schematic  diagram  showing 
the  occupant  linkage,  vehicle  contacts,  and  belt  restraint  system  for  one 
such  model. 

The  bulk  of  this  chapter  Is  included  In  Tables  1 through  5 
compare  the  features  of  ten  models  which  are  available  and  adaptable  to 
most  large  digital  computers.  Tabla  1 is  a genaral  comparison  giving 
sources  of  documsntatlon.  Information,  and  contacts  for  obtaining  the 
programs.  Table  2 compares  the  parameters  defining  the  crash  victim, 
while  Tabla  3 gives  the  means  by  which  forces  are  transmitted  to  the 
victim.  Table  4 dsflnes  the  acceleration  or  other  kinematic  Inputs 
which  force  a dynamic  interaction  between  the  environment  and  the  victim. 
Table  5 provides  a summary  of  computer  program  Information. 


HUMAN  GROSS  MOTION  SIMULATIONS 

Table  1 Identifies  ten  computer  programs.  In  some  cases,  two  pro- 
grams are  lumped  together  with  either  an  earlier  version  or  a subset  of 
the  most  widely  used  version  shown  in  parentheses.  Four  of  these  predict 
crash  victim  motions  and  l^iact  forces  In  a plane,  while  the  other  six  are 
three-dimensional.  All  models  except  CAL  3D  have  specified  nutters  of 
rigid  seases  connected  In  a linkage.  The  nwAsr  of  masses  used  in  CAL3D 
Is  variable  and  cat*  be  used  to  model  several  occupants  In  the  same 
exercise.  The  degree!  of  freedom  In  the  models  are  associated  with  victim 
motions  In  most  cases,  but  PROMETHEUS  and  SOH-LA  have  additional  degrees 
of  freedom  associated  with  finite  element  deformable  seat  structures. 

The  developing  organisations  Include  four  universities  (University 
of  Michigan  - HSRI,  Wayne  State  University,  Texas  A and  M University  - 
TTI , University  of  Cincinnati)  and  four  corporations  (General  Motors 
Corporation,  Boeing  Computer  Services,  Inc.,  Ultrasystens,  Inc.,  Calspan 
Corporation).  The  key  to  the  Initials  of  each  organisation  is  given  as 
Tabls  6.  The  name  of  an  Individual  In  the  organisation  who  is  most  likely 
to  have  direct  knowledge  Is  usually  given.  References  are  included  for 
each  of  the  models  Including  both  detailed  and  summary  presentations. 

In  most  cases,  the  models  are  available  from  more  than  one  source.  The 
preferred  source,  usually  the  developer,  la  given  first.  Documentation 
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and  Information  la  available  on  all  tha  modala.  For  aona  of  the  modela , 
major  usera  are  included  in  the  llet.  Where  reporta  have  been  submitted 
to  NTIS , this  fact  la  noted. 


OCCUPANT  DESCRIPTION 

The  properties  of  the  occupants  which  are  given  In  Table  2 include 
the  distribution  of  mass,  the  Joint  characteristics,  tha  means  of  defining 
body  exterior  geometry,  and  tha  typea  of  external  forces  which  can  be 
applied  to  the  victim.  All  models  consist  of  a chain  of  rigid  body 
masses  with  the  center  of  mass  on  a line  connecting  the  Joint  center 
with  the  exception  of  PROMETHEUS,  CAL  3D,  and  UC1N.  PROMETHEUS  uses  point 
masses  at  the  joint  centers,  while  CAL3D  and  UCIN  use  more  general  repre- 
sentations. In  most  cases,  the  Joints  contain  range  of  motion  limits 
and  aome  means  for  resisting  relative  motions  betwssn  adjacent  body  seg- 
ments. The  most  advanced  Joint  modala  are  included  in  CAL3D  and  MVMA2D, 
both  of  which  can  make  use  of  conelderable  biomechanical  input  for  simu- 
lating human  dynamics  as  well  as  the  mors  simple  case  of  crash  test  dum- 
mies . 

All  models  Include  some  body  exterior  geometry  to  sense  force  inter- 
action with  a dynamic  environment.  With  the  exception  of  the  simple 
springs  of  UCIN  and  the  body  offsets  of  PROMETHEUS,  these  consist  of  cir- 
cles, ellipses,  spheres,  ellipsoids,  and/or  cylinders.  Tha  position  of 
these  victim-mounted  geometric  descriptors  is  monitored  during  execution 


Pig.  1.  Schematic  for  HSH2D  crash  victim  simulation 
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of  the  program  to  senae  when  Impingement  on  an  environmental  contact 
surface  occurs.  A resulting  force  must  then  be  applied  to  the  victim. 

In  addition  to  contact  forces,  the  victim  may  be  subjected  to  external 
forces  of  restraint  belts,  airbags,  steering  column,  and/or  time-depen- 
dent forces  directly  applied  to  the  body. 


CONTACT  SURFACES 

Table  3 summarizes  the  vehicle  or  environmental  contact  forces  which 
act  on  the  victim.  In  all  cases  except  the  curved  airbags  of  MVMA2D, 
MODROS,  WSU3D  and  CAL3D,  these  surfaces  are  straight  lines  or  sections 
of  planes.  In  three  of  the  HSRI  models,  the  planes  can  be  specified  to 
move  independently  to  realistically  model  vehicle-pedestrian  and  the 
ensuing  pedestrian-ground  Impact.  Force-deformation  curves  take  many 
forms,  ranging  fr.om  the  complex  force  loading  and  unloading  tables  of 
HSRI3DE,  MVMA2U , M3DK0S,  and  CAL  3D  to  the  linear  springe  of  UC1N.  In 
seven  of  the  models,  lateral  frictional  forces  are  generated  in  the 
presence  of  normal  forces.  The  most  general  set  of  frictional  forces 
In  a restraint  belt  model  la  the  MVMA2D  three-point  continuous  loop 
harness.  Only  three  of  the  models  allow  shared  deflection,  that  Is,  de- 
formation of  the  victim  In  the  preeence  of  deformation  of  a contact  sur- 
face. These  are  HSRI3DE,  MVMA2D,  and  CAL3D. 


FORCE  INPUT  TO  MODEL 

With  the  exception  of  TTI,  the  models  are  forced  by  tabular  accelera- 
ting-time histories  as  Indicated  in  Table  5.  In  TTI,  vehicle  position 
1s  specified  as  a function  of  time.  Direct  time  dependent  forces  can  be 
applied  to  the  body  only  for  the  MVMA2D.  In  the  MVMA2D,  HSRI3D,  HSRI  IDE, 
and  CAL3D,  surfaces  can  be  specified  to  move  Into  contact  with  the  victim. 


COMPUTER  PROGRAM  INFORMATION 

A summary  of  computer  program  Information  la  given  in  Table  5.  All 
programe  are  in  Fortran  IV  with  the  exception  of  some  output  sections  of 
MODROS  which  are  In  FL1.  Moat  programs  have  been  installed  on  IBM  equip- 
ment but  all  appear  to  be  convertible  to  other  systems,  soms  with  ’ary 
minimal  effort.  Program  alias  ranges  from  34K  to  163 K words.  In  addi- 
tion to  the  usual  tabular  output  in  the  form  of  neatly  titled  tables,  most 
are  provided  with  exportable  plot  packages,  both  for  printer  plots  and 
for  solid  line  plots.  Thsss  computer  programs  are  large,  and  the  need 
for  program  debug  information  In  the  case  of  unsuccessful  exercises 
Is  obvious.  Detailed  debugging  is  possible  only  with  the  various  HSRI 
models  and  the  CAL  3D  which  follows  the  HSRI  pattern. 

The  size  of  the  program  is  related  to  the  complexity  of  logic  pri- 
marily in  the  generation  of  contact  forces.  The  largest  model  Is  KVMA2D. 
Maximum  core  Is  104  K words  for  the  execution  load  nodule.  Tha  Input  load 
module  Is  relatively  smell  while  the  output/ graphics  module  is  almost 
as  large  as  the  execution  load  nodule,  PROMETHEUS  and  UCIN  are  relative- 
ly email,  UCIN  Is  analytically  the  simplest  of  the  models.  PROMSTHEUS 
seems  to  Include  a goodly  variety  of  useful  options  In  a relatively 
small  package. 

The  nodels  all  require  sophisticated  engineering  data  as  Input  and 
must  be  classed  as  difficult  to  use.  The  task  Is  eased  somewhat  for 
SOM- LA  which  bases  most  occupant  parameters  on  standard  anthropometric 
data  which  are  used  and  manipulated  within  the  program.  Auxiliary  pro- 
grams are  available  for  use  with  CAL3D  in  preparing  occupant  Input  data. 

In  cases  where  detailed  force- deflection  curves  are  possible  (e.g. , 

MVMA2D  and  CAJJD)  the  Input  package  can  be  formidable. 
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Execution  times  for  the  models  are  difficult  to  estimate.  Com- 
parisons have  not  been  made  between  models  on  a standard  baseline  test 
exercise.  However,  the  general  rule  can  be  stated  that  the  user  should 
choose  as  few  contact  Interactions  as  are  practlble  to  minimize  cost. 

The  parallel  rule  la  that  the  simplest  model  containing  the  required  In- 
teractions should  be  used.  The  two-dimensional  models  are  generally 
inexpensive  and  can  be  considered  for  parameter  and  design  studies  where 
In  excess  of  100  exercises  may  be  required.  In  this  regard,  caution 
must  be  used  with  the  MVMA2D  because  of  the  wide  range  of  options.  It 
can  be  Inexpensive  or  expensive  depending  on  which  options  are  specified. 
Of  the  three-dimensional  models,  only  HSR13D,  UCIN,  and  possibly  the 
HSRI3DE  should  be  considered  for  large  parameter  studies.  The  others 
(CAL 3D,  TTI,  SOM-LA)  are  reputed  to  be  expensive  to  run  because  of  all 
their  options.  Their  use  should  be  restricted  to  those  specific  cases 
which  require  the  great  generality  which  they  possess. 
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Table  3 Vehicle  (or  Environmental)  Contact  Surfaces  (continued) 
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Table  6 Source*  for  Programs,  Information 
and/or  Documantatlon 


INITIALS 

SOURCE 

BCS 

Mr.  Richard  N.  Kama* 

Boeing  Computer  Service*,  Inc. 

P.  0.  Box  24346 

Seattle,  Washington  98124 

Calapan 

Mr.  R.  McHenry 

Transportation  Research  Department 
Calapan  Corporation 
Buffalo,  Nsw  York  14221 

FAA 

U.S.  Department  of  Transportation 
Federal  Aviation  Admlnlatration 
System*  Research  and  Development  Service 
800  Independence  Ave.,  S.W. 

Washington,  D.C.  20590 

FHVA 

U.S.  Departsuint  of  Transportation 
Federal  Highway  Administration 
Nasalf  Building 
Seventh  and  D Streets,  S.W. 
Washington,  D.C.  20590 

CMC 

Mr.  John  P.  Danforth 
Biomedical  balances 
Reaearch  Laboratories 
General  Motors  Corporation 
Warren,  Michigan  48090 

HSRI 

Dr.  D.  H.  Robbins 
Highway  Safety  Research  Institute 
The  University  of  Michigan 
Ann  Arbor,  Michigan  48105 

MVMA 

Mr.  John  C.  Scowcroft 
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Test  Data  Reduction  and  Processing 

Loren  D.  Enochson 
TimelDula  Corporation 


INTRODUCTION 

Thie  chapter  contains  a review  of  computer  software  and  hardware  systems 
employed  in  shock  and  vibration  test  data  analysis.  Software  packages  are 
generally  available  for  large-scale  computers  and  are  often  written  in  a high 
level  language  (e.g.  FORTRAN)  making  them  generally  available  for  a wide  class 
of  medium  to  large  scale  machines.  There  is  also  available  a broad  class  of 
special  purpose  hardware  system!  essentially  baaed  on  digital  circuitry  Imple- 
mentations of  the  fast  Fourier  transform.  A closely  related  group  of  systems 
are  minicomputer  based,  with  cuatom  software  for  the  particular  minicomputer 
Involved.  They  tend  to  appear  functionally  much  the  same  as  the  true  hardware 
devices  but  are  fundamentally  distinct.  All  these  systems  are  In  dally  use  in 
shock  and  vibration  data  analysis.  Hence,  we  have  Included  descriptions  of  all 
three  types  of  systems,  even  though  they  are  not  all,  strictly  speaking,  software 
packages. 

Closely  related  applications  are  discussed  In  other  chapters  in  this  book 
and  will  not  be  covered  here.  This  Includes  modal  tasting,  In  particular,  which 
generally  la  based  on  test  data  results.  In  this  chapter  we  shall  restrict  our- 
selves to  what  might  be  termed  basic  time  series  data  analysis  methods  Including 
the  following: 

Amplitude  Domain 

Hean,  variance  and  rms 
Probability  Density  'listograa 

Time  Domain 

Auto  and  cross  covariance  (correlation)  functions 
Convolution 

Recursive  Digital  Filters 

Frequency  Domain 

Fourier  Transforms 
Power  (auto)  and  cross  spectra 
Frequency  Response  Functions 
Coherence  Functions 

Miscellaneous 

Digital  Filters 


The  systems  which  will  be  described  are  aumaurlsed  In  Table  1.  Generally 
we  have  tried  to  include  all  software  and  hardware  packages  which  Incorporate 
most  of  the  above  described  functions  and  which  are  In  wide  use.  Undoubtedly 
we  have  neglected  tome  due  to  a lack  of  knowledge  of  their  existence.  This  is 
particularly  trus  with  respect  to  the  software  packages  for  ths  large  computers 
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Ue  have  only  been  able  to  Include  thoee  whoae  documentation  haa  been  brought  to 
our  attention.  Some  package*  used  primarily  In  other  fields,  euch  at  lelamlc 
data  analyila,  have  bean  omitted  even  though  In  principle  they  Incorporate  all 
the  computations  of  concern.  Acoustical  excitations  art  often  Involved  in 
vibration  analysis  and  ve  have  Included  descriptions  of  systems  that  are 
slanted  toward  acoustical  data  analysis . Certain  hardware  systems  have  bean 
omitted  purposely  since  they  typically  cos^rlse  only  one  clement  In  an  overall 
system  rather  than  the  complete  package. 

We  believe  the  systems  described  represent  a fair  cross  section  of  avail- 
able systems.  It  has  been  difficult  to  isolate  a common  set  of  specifications 
or  standards  by  which  the  systems  can  be  directly  compared.  The  potential  user 
will  have  to  conduct  an  evaluation  based  on  his  unique  requirements.  Questions 
to  be  answered  Include:  Do  1 need  on  line  real  time  results?  Do  I have  a large 

computer  readily  available  already?  Is  batch  processing  adequate?  Is  the  pre- 
cision of  a large  computer  Important?  Will  I be  building  up  a large  data  base 
of  results  to  be  stored?  Is  very  high  speed  and  very  high  frequency  analysis 
important?  These  and  other  considerations  will  direct  the  user  to  one  of  the 
described  systems. 


Table  1 

Medium  to  Large  Scale  Computer  Software  Systems 

MAC/RAN**  III,  University  Software  Systems 

DYVAN,  NASA  Goddard  SFC 

RAVAN,  NASA  Marshall  SFC 

HMD,  UCLA 

MR  WISARD,  NOL 

Minicomputer  Baaed  Software/Hardware  Systems 

TIME/DATA 

HEWLETT-PACKARD 

CSPI 

Special  Purpose  Digital  Hardware  Systems 

NICOLET  SCIENTIFIC  CORPORATION 
SPECTRAL  DYNAMICS  CORPORATION 
HONEYWELL/ SAICOR 


NOMENCLATURE 

x(l)  • Discrete  time  history 

X(k)  • Discrete  Fourier  transform  of  x(l) 

Sx(k)  ■ Power  spectral  density  of  x(l) 

SXy(k)  • Cross  spectral  density  of  x(l)  and  y(l) 

H_y(k)  ■ Frequency  response  function  of  x(l)  and  y(l) 
y*7(k)  ■ Coherence  function  between  x(i)  and  y(l) 
tjj£(l)  * Auto  covariance  (correlation)  function  of  x(l) 

*xy (1)  ■ Croas  covariance  (correlation)  function  of  x(l)  and  y(l) 
cxy(l>  “ Convolution  of  x(l)  and  y(l) 
h„(i)  • Impulse  response  function  of  x(l)  and  y(l) 
p(x)  - probability  density  of  x(i) 

S • Sampling  rata 

F * Folding  (Hyqultt)  frequency 

T ■ Sampling  interval 

t ■ Tima  delay 

1 • Tima  Index 

k ■ Frequency  Index 

n ■ Number  of  degrees  of  freedom 


TEST  DATA 
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d.f.  ■ Degrees  of  freedom 
V>  (k)  - Phase  between  x(l)  and  y(l) 
f - Continuous  frequency  in  Hz 
u ■ Continuous  frequency  In  radlans/aec 
t - Continuous  tine 
Re  * Real  part 
la  • Iaaglnary  part 
Cxy(k)  ■ Co-spectrun 
Qxy(k)  ■ Quadrature-spectrum 
J • Iaaglnary  unit  /-T 


TIKE  SERIES  ANALYSIS  FUNCTIONS 

We  ahall  briefly  define  the  aajor  functions  coaputed  by  aoat  of  the 
syateas.  For  a detailed  dlscuaalon  of  the  concepte  and  computational  method* 
involved  eee  [l],  We  assume  we  have  one  or  two  histories  denoted  by 

*i.  YiS  1 * 0,1,2 N-l 


where. 


5 x(lT) 

T - a sapling  Interval  (seconds) 

S * 1/T  - sampling  rate  (samples  par  second) 
P - NT  • period  or  record  length  (seconds) 


(1) 


Fourier  Transfora 
N-l 

X(k)  - T l x(l)exp[-j2»(ik/N)]  (2) 

1-0 

k - 0, 1,2, . . . ,N/2  for  N even 

k - 0,1,2 (N-l)/2  for  N odd 

X(k)  * X(kb) 

b - 1/NT  elementary  resolution  bandwidth 

Subsequent  frequency  indices  will  always  run  over  the  Halts  In  Eq.  (2) 
unless  specified  otherwise. 

The  time  history  Is  often  modified  by  aultlplylng  It  by  s data  window  (or 
applying  a convolution  to  the  Fourier  transfora) . This  enhances  the  leakage 
characteristics  of  the  transform  (suppresses  side  lobes  of  the  spectral  window). 
However  the  statistical  variability  of  resulting  spectral  functions  will  be 
lncraaeed  due  to  an  Induced  loss  in  degrees  of  fraedoa.  See  [l]  for  a discus- 
sion of  this. 


t 
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Power  and  Cross  Spectral  Density  Functions 

j 

Sx(k)  -(l/HT)|X(k)|* 

(3) 

S^k)  -(l/NT)X(k)*T(k) 

(4) 

- |sw(k)|s^«y(k) 

(5) 

I 
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|Sxy(k)|  • absolute  value 
*xy(k)  - phase 

The  statistical  degrees  of  freedom  associated  with  the  above  spectra  Is 

n - 2BeP 

- 2bNT  - 2 (6) 

Statistical  stability  la  obtained  by  either  ensemble  averaging  or  frequency 
band  averaging  or  a combination  of  the  two. 


Ensemble  Averaging 

Assume  several  spectra,  Sxi(k),  1 * 1,2,. ...M,  are  available,  usually  from 
consecutive  segments  of  a long  time  history.  The  average  of  several  such 
spectra  to  obtain  higher  d.f.  has  become  known  as  the  "ensemble  averaging" 
method.  In  equation  form: 

Sx(k)  ■ I l S ,(k)  (7) 

” 1-1 

If  P8  la  the  segment  length  then 

Be  - 1/PB  (8) 

la  the  effective  resolution  bandwidth  and  the  d.f.  are 

n * 2M  (9) 

The  equation  for  cross  spectra  would  be  identical  In  form: 

SXy(k)  -I  I Sxyi(k)  (10) 

1-1 


Frequency  Band  Averaging 

Assume  we  have  a single  2 d.f.  spectrum  computed  from  N data  values  denoted  by 
Sx(k).  We  can  obtain  high  d.f.  by  averaging  together  several  neighboring  fre- 
quency points  of  the  spectral  function.  In  equation  form 

sx<k>  “ zS5T  w §*<k  + « (11> 

We  must  Interpret  the  Index  module  N In  order  to  avoid  problems  at  the  end 
points.  The  resulting  spectral  estimates  will  have  resolution 

He  - (2M+D/P 

and  d.f. 

n - 2(2M  + 1)  (12) 

Again,  the  formula  for  cross  spectra  is  Identical.  Since  B(  Is  now  much  larger 
than  1/P,  the  averaged  PSD  points  will  be  highly  correlated  and  redundant  to  a 
large  extent.  Hanes,  It  often  makes  sense  to  decimate  Sx(k)  by  a factor  up  to 
2M  + 1.  If  decimated  by  2H  + 1,  then  the  resulting  estimates  will  overlap  at 


i 


I 
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roughly  the  half-power  points  of  their  effective  inherent  filter  shape  and  will 
be  approximately  uncorrelated. 


Frequency  Response  and  Coherence 

We  assume  we  have  PSD  and  CSD  estimates  of  n d.f.  and  Be  resolution  obtained  by 
either  ensemble  averaging,  frequency  band  averaging  or  a combination  of  the 
two.  We  then  compute  the  frequency  response  function  estimate  from  the  formula 


Hxy(k) 


sxy<k> 

sx(k) 


(13) 


In  terms  of  absolute  value  (gain)  and  argument  (phase)  we  have 


i 


i 


H^k)  - |Hxy(k)|eJ*xy(k)  (14) 

We  note  that  phase  of  the  frequency  response  function  is  the  same  as  the  phase 
of  the  cross  spectrum. 

The  coherence  function  is  defined  by  the  relation 

, l*_(W|2 

Y*y(k)  “ sx(k)sy(lt> 

and  it  is  easily  shown  that 

05Yjy(k)  < 1 

We  remark  that  coherence  may  be  Interpreted  as  the  frequency  domain  counterpart 
of  the  square  of  the  correlation  coefficient  of  basic  statistics.  The  frequency 
response  function  is  analogous  to  a regression  coefficient. 


(15) 


(16) 


Multiple  Frequency  Response  and  Coherence  Functions 


We  can  generalise  to  the  multiple  input  single  output  linear  system  by  computing 
all  possible  combinations  of  power  and  cross  spectra.  If  we  have  p inputs,  we 
define  a p * p spectral  matrix,  a p * 1 cross  spectrum  vector  and  a p * 1 fre- 
quency response  function  vector  as  follows  (omitting  the  frequency  index  to 
simplify  notation) : 


"sn  s» 

see  S 

lp 

Siy 

S21  $22 

•"  S2P 

S2y 

Sxx  ■ 

. • 

Sxy  - 

• 

Spl  Sp2 

SPP 

spy 

* J 

• « 

h, 


»jy 

a:y 


py 


(17) 


(18) 


} 
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In  the  above 


Sij  = SXtXj 

siy  5 Sx^y 


09) 


»ly  5 "xty 

We  Chen  have  the  matrix  equation 


sxy 

“ sxx"xy 

(20) 

whose  solution  Is 

-*■ 

S ‘S 

H - 

(21) 

xy 

xx  xy 

The  multiple  coherence  1*  given  by 

V2  “ 

1 - 1/s  syy 

(22) 

yx 

yy 

where  Syy  Is  given  by 

syy  - [Syy 

~ ®yx®xxsxy^~‘ 

(23) 

Partial  coherence  function*  can  be  defined  by  similar  formulae  which  we  omit 
in  the  lntereat  of  brevity  here.  Pleaae  conault  [l].  Chap.  9 for  a complete 
deacrlptlon. 

Confidence  limit  computation*  for  the  frequency  reaponae  and  coherence 
functions  are  quits  complicated  and  will  be  omitted  here.  Again  the  reader 
may  consult  [l]  for  full  explanations. 


Covariance  (Correlation)  Function* 

The  statistical  term  for  the  average  cross  product  of  two  sets  of  data  which 
have  their  mean  values  removed  Is  cover  lane*.  The  word  correlation  Is 
reserved  for  a normalized  veralon  of  this  quantity  so  that  It  rang**  between 
plus  and  minus  on*.  Ths  term  correlation  function  la  often  applied  to  any 
average  croas  product  In  time  series  analysis.  He  shall  employ  ths  statistical 
terminology  her*  but  the  reader  should  understand  that  many  uses  of  the  term 
correlation  nay  coincide  with  our  uaa  of  covariance.  The  covariance  (also 
called  the  cross  correlation)  function  Is  defined  as 

*xy(1)  " iPTT  ?l9  (XP  ' *)(Vi  " y)  (2A) 

1 - -n,-(n-l),...,-l,0,l,...,n-l,m 


( 


where  m Is  termed  the  maximum  lag  value.  If  x(l)  ■ y(l)  than  su(l)  Is  termed 
the  auto-covarlance  (auto-corrslation)  function.  In  this  case 

•x*{1>  ' ‘ax*-1)  <25> 

i ! 

so  that  we  only  need  to  compute  *.x(l)  for  positive  lag  values. 

I 

1 
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Digital  Filters 

Digital  filtering  can  be  accomplished  In  two  different  ways. 

1.  Implementation  of  a dlacrate  convolution  either  directly  or  via 
faat  Fourier  tranaforne  by  use  of  the  convolution  theorem.  This 
haa  now  become  known  aa  finite  Impulse  response  (FIR)  filtering. 

2.  Implementation  of  difference  aquations  which  are  recursive  digital 
filters  which  are  known  aa  infinite  Impulse  response  (HR)  filter. 

The  discussion  of  the  design  of  these  filters  la  beyond  the  scope  of  this 
book.  See  Chap.  3 of  [l]  for  a discussion  of  recursive  filters  of  the  Butter- 
worth  type.  See  [2]  for  a discussion  of  convolutional  filter  design.  Gener- 
ally, the  IIR  filters  simulate  analog  filters  and  possess  a non-sero  phase  shift 
characteristic.  The  phase  shift  can  often  be  controlled  to  be  suitably  linear 
across  the  pass  band  ao  that  only  a simple  time  delay  of  the  data  results. 

These  filters  are  usually  the  moat  efficient  from  a computational  standpoint. 

Convolution  (FIR)  filters  are  usually  designad  with  zero  phase  shift  since 
one  only  needs  to  make  this  Impulse  response  symmetric  to  accomplish  this. 

Hence,  even  though  they  are  usually  lasa  efficient,  the  edvantage  of  zero  phase 
shift  sometimes  makes  them  vsry  useful  for  many  applications. 


Probability  Histograms 

The  determination  of  a histogram  to  describe  the  average  amplitude  characteris- 
tics of  a process  Is  more  related  to  basic  statistics  than  time  aeries  analysis, 
as  are  most  of  the  other  methods  employed  In  shock  and  vibration  data  reduction. 
However,  the  histogram  la  no  less  Important  and  provides  Important  amplitude 
Information. 

The  amplitude  range  is  subdivided  Into  k Intervals  termed  "class  Intervals". 

x*ln  " *2 *k  ‘ Xmax  (26) 


Usually  the  quantity 


Ax  ■ a(l  + 1)  - a(i) 

la  a constant  but  not  necessarily  so.  Data  values,  x(l),  are  then  cosqiared  to 
the  class  Interval  limits.  If 

a(l  - 1)  < x(i)  < a(i)  (27) 

then  e count  is  entered  Into  the  "pocket"  defined  by  the  class  Interval 
[a(l  - 1),  a(l)].  We  end  up  with  a set  of  counts 

HpN2 N*  (28) 

When  normalized  to  become  probability  estimates  they  represent 

"l 

p(x1)Ax  - -f  (29) 

where  is  the  midpoint  of  the  ith  Interval.  Then  the  probability  density 
function  estimate  is 


P(xi) 


(30) 
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SOFTWARE  AND  HARDWARE  SYSTEM  SUMMARIES 

The  preceding  functions  constitute  the  major  basic  class  of  computations 
desirable  for  shock  and  vibration  data  reduction.  We  shall  now  summarize 
systems  with  the  capability  to  accomplish  some  or  all  of  these.  In  various 
Instances,  other  capabilities  are  included  which  will  be  mentioned  but  not 
defined  In  detail.  We  shall  refer  the  reader  to  other  texts  or  papers  when 
such  a case  arises. 


Part  I:  Medium  to  Large  Scale  Computer  Software  Systems 

i 

MAC/RANtn  III  [3],[«] 

Date:  Original  version  first  operational  July  1967. 

Capability:  General  purpose  time  series  analysis  software  system.  Consists  of 
an  Executive  and  aeveral  data  analysis  processors  which  are: 

Calibration 

Data  Preparation,  Including  filter  design,  trend  removal,  wild  point 
editing  and  decimation 
Amplitude  Statistics 

Time  and  Frequency  Analysis,  computes  correlation  functions  and 
spectra  by  Fourier  transforms  of  correlation. 

Linear  Systems  Analysis,  including  smltl-channel  frequency  response 
and  coherence  functions 
Fast  Fourier  Transform 

Fast  Fourier  Spectra,  Including  cross  spectra,  coherence  and 
frequency  response 
Convolution  and  Correlation 
Print  and  Plot 

Plugboard  Simulation,  which  allows  a wide  variety  of  miscellaneous 
arithmetic  and  functional  operations  on  time  histories  and  fre- 
quency functions 
Optional  Add-On  Processors 
1/3  Octave  Analysis 
Tracking  Filter 
Shock  Spectrum 
Ensemble  Averaging 

Method:  The  computations  Implemented  are  essentially  all  of  those  reviewed  In 

this  chapter  and  In  more  detail  in  [l]. 

Input  Data:  All  data  processed  by  MAC/RAN  must  be  supplied  In  a Standard  Inter- 

mediate Data  Tape  Format,  described  In  the  MAC/RAN  Program  Reference  Manual. 
This  format  la  used  for  all  data,  either  read  or  recorded  by  the  various 
swdules.  Finally,  the  Executive  maintains  a directory  of  all  data  being 
processed  which  la  produced  on  punched  cards  at  the  end  of  each  computer 
run.  The  directory  contains  relevant  statistical  and  locational  Informa- 
tion for  each  channel  of  data,  providing  the  user  with  a quick  check  on 
the  status  of  analyses  being  performed  and  the  data  being  retained.  It  la 
possible  to  enter  data  In  punched  cards  In  various  formats.  This  generally 
la  Inefficient  for  large  amounts  of  data  however.  All  control  parameters 
are  supplied  on  fixed  field  punched  cards  In  order  to  minimize  setup 
srrors.  Parameters  supplied  to  the  Executive  define  the  Job  data  flow 
both  as  to  the  data  to  be  processed  and  the  peripheral  units  to  be  used. 
Processor  parsmeters  art  used  in  controlling  the  calculations  to  be  per- 
formed. Control  Input  is  kept  to  a minimum  by  pre-setting  as  many  param- 
eters as  possible  with  standard  values.  The  user  must  then  supply  only 
those  parameters  which  cannot  be  preset  and  raplacements  for  any  standard  i 
values  to  be  overridden.  Standard  parasMters  can  be  preset  during  instal- 
latlon  of  the  MAC/RAN  System  to  conform  to  normal  user  requests. 


>>- 
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Output:  End  user  output  Is  both  graphical  plots  and  printed  results  correspond- 

ing to  the  plotted  data.  In  addition,  all  processors  can  generate  their 
results  on  external  system  I/O  units  In  standard  format.  Comprehensive 
plotting  capability  utilizing  manufacturer-supplied  plotting  software  Is 
available  with  the  Executive.  By  means  of  this  approach,  a change  in 
digital  plotters  requires  only  that  the  new  manufacturer-supplied  soft- 
ware be  Inserted  to  replace  the  existing  software.  No  changes  in  the 
processor  modules  are  required.  All  output  Is  controllable  by  the  user 
and  hence  the  amount  varies  according  to  the  Job. 

Language:  The  MAC/RAN  System  Is  written  entirely  In  a version  of  ANS  FORTRAN  IV 

which  Is  compatible  with  the  major  FORTRAN  dialects.  Care  has  been  exer- 
cised to  eliminate  the  use  of  operations  peculiar  to  any  one  dialect  or 
computer.  This  limitation  has  been  Imposed  with  minimal  loss  In  program 
efficiency. 

Hardware:  The  MAC/RAN  System  Is  usable  on  any  medium  to  large  scale  digital 

computer  having  an  appropriate  FORTRAN  compiler  and  sufficient  memory 
and  peripheral  units  available. 

Word  size  requirements  Is  to  a large  extent  dependent  on  the  FORTRAN 
compiler  used.  Since  a majority  of  the  computations  are  performed  In 
single  precision  with  real  variables,  the  word  length  used  by  the  com- 
piler must  be  able  to  maintain  at  least  20  binary  digits  significance. 

A less  stringent  requirement  Imposed  by  MAC /RAN  la  that  the  computer  word 
be  of  sufficient  size  to  contain  a minimum  of  four  characters. 

Internal  memory  requirements  will  vary  with  both  the  FORTRAN  com- 
piler and  operating  system  used.  A minimum  requirement  of  32,768  words 
of  memory  Is  a reasonable  expectation. 

Peripheral  units  are  required  to  maintain  both  the  data  being  pro- 
cessed and  the  MAC/RAN  System  Itself.  At  lesat  the  following  units  must 
be  available  In  addition  to  any  units  used  by  the  operating  system: 
s One  system  overlay  unit, 
s One  unit  for  maintaining  a data  directory, 
e Two  or  more  data  Input/output  units. 

s One  plotting  output  unit  (If  off-line  plotting  Is  used) . 

These  units  may  be  tape  drives,  disks,  or  drums,  provided  the  operating 
system  has  the  capability  of  using  these  various  units  Interchangeably. 
Additional  units  may  be  employed  If  available. 

Typical  computers  acceptable  for  the  MAC/RAN  System  are: 
s IBM  360-40  and  above,  370-133  and  above, 
e CtC  3600,  3800,  6400,  6600,  7600. 
e UNIVAC  1107,  1108. 
e XEROX  SIGMA  3,  SIGMA  7. 
s HONEYWELL /CE  623,  635,  645,  6000  Series, 
e SYSTEMS  ENGINEERING  LAB,  SYSTEMS  83,  86. 

Usage:  About  30  Installations  of  MAC/RAN  exist  throughout  the  U.S.,  Canada, 

and  Europe.  Hence  It  Is  a well  tested  system  and  has  been  applied  to 
automotive  crash  test  and  emissions  data,  nuclear  reactor  noise,  vibra- 
tion and  acoustics,  aircraft  flight  teat  data  and  a wide  variety  of 
other  areas. 

Developer:  Originally  MAC/RAN  was  developed  at  Measurement  Analysis  Corpora- 

tion with  the  latest  version  dona  at  the  University  Softwars  Systems  of 
Agbablan  Associates  primarily  by  R.K.  Otnes  and  L.  Enochson. 

Availability:  Tha  MAC/RAN  System,  Including  computer  Installation,  on-slte 

Instruction  and  rsfarence  manuals,  Is  available  to  lessees  either  on  a 
monthly  rental  plan,  or  on  s single  payment  plan.  The  lease  benefits 
the  lessee  by  keeping  him  Informed  about  system  changes  and  additions. 

The  lessee  Is  granted  unlimited  use  of  the  MAC/RAN  System  for  one  speci- 
fic computer  at  the  Installation  Identified  on  the  lease  contract.  A 
separate  or  supplemental  leasing  agreement  must  be  arranged  with  Univer- 
sity Software  Systems  for  use  of  tha  system  on  any  additional  computer 
at  tha  same  site  or  at  another  location. 
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The  one-time  license  fee  at  the  time  of  writing  was  $23,900  with 
options  at  $2,900  each.  The  monthly  rental  varlea  from  $800  to  $1000 
per  month. 

For  further  Information  regarding  the  MAC/RAN  Syatem  contact: 
University  Software  Systems,  a subsidiary  of  Agbablan  Aasoclates,  250  North 
Nash  Street,  El  Segundo,  California  90045,  (213)  640-0576. 

Comments:  The  MAC/RAN  Syatem  seems  to  be  the  only  commercially  available  soft- 

ware system  for  medium  to  large  scale  computers.  It  undoubtedly  has  the 
widest  use  In  terms  of  different  computer  systems  and  different  end  users. 
Hence  It  Is  probably  the  most  thoroughly  tested.  It  Is  also  quite  well 
documented . 

Its  virtues  are  probably  also  Its  fallings.  It  is  quite  flexible  and 
quite  user  oriented.  It  perhaps  has  Incorporated  the  widest  variety  of 
features  for  time  series  analysis,  either  hardware  or  software.  Its  flex- 
ibility also  contributes  to  certain  Inefficiencies  however.  The  desire  to 
maintain  Its  availability  for  a wide  variety  of  computer  systems  prohibits 
customizing  it  for  a specific  system. 

It  does  not  have  the  advantage  of  the  minicomputer  systems  In  being 
able  to  be  utilized  In  an  on  line  real-time  mode.  It  does  not  Incorporate 
analog  to  digital  conversion  hardware  and  hence  this  operation  must  be 
separately  accomplished  and  the  data  reformatted  Into  the  MAC/RAN  standard 
format  for  analysis.  Other  fallings  by  contemporary  standards  are  that  It 
does  not  have  a completely  automated  data  file  cateloglng  and  retrieving 
capability  nor  la  there  an  Interactive  varaion  available. 

However,  In  Its  Version  III  form,  MAC/RAN  Is  probably  the  most 
thoroughly  tested  system  in  existence  and  Is  quite  flexible  and  user 
oriented. 


MR  WISARD  [5] 


Date  Issued:  January  1969 

Capability:  MR  WISARD  (Multi-Record  Wave  Investigator  for  Sine  and  Random  Data) 

utilizes  FFT  techniques  to  compute  Fourier  transforms,  power  spectra  func- 
tions on  single  data  records,  and  cross  spectra  and  correlation  functions 
on  multiple  records.  The  program  also  computes  asqtlltude  and  peak  distri- 
bution functions  and  tests  for  goodnesa-of-fit  with  theoretical  functions. 

In  addition  to  the  analysis  capability,  the  program  Includes  procedures  for 
the  manipulation  and  preparation  of  data  for  analysis  such  as:  filtering 

with  both  analog-almulated  recursive  filters  and  with  digital  filters  that 
have  no  analog  equivalent,  and  editing  and  modifying  the  data  In  ordar  to 
remove  trends,  offsets,  and  invalid  data. 

Method:  The  computations  Implemented  are  essentially  all  of  those  reviewed  In 

this  chapter  and  In  more  detail  In  [l]. 

Input:  Raw  data  can  ba  entered  Into  the  program  In  three  ways.  The  most  common 

method  of  entry  Is  from  the  ADC  tape.  The  data,  as  they  are  read  from  the 
ADC  tape,  are  In  a fixed-point  coded  form.  A floating-point  form  Is  requir- 
ed by  the  MR  WISARD  routines.  In  some  cases  It  la  tha  combined  (packed) 
data  samples  from  several  channels  which  ware  multiplexed  (scanned)  by  the 
ADC  system.  Routines  which  dacode  and  unpack  tha  data,  as  they  coma  from 
the  tape,  are  available. 

Raw  data  can  also  ba  entered  from  cards  using  tha  CARD  option.  This 
technique  Is  useful  for  the  entry  of  data  available  In  pictorial  form,  such 
as  might  be  taken  from  an  oscilloscope  and  punched  onto  cards  manually. 
Other  uses  of  this  option  might  Include  entry  of  data  from  an  ADC  system 
which  uses  cards  for  output. 

Tha  third  method  for  raw  data  entry  concerns  data  which  are  stored  on 
tape  but  do  not  have  an  acceptable  format  for  MR  WISARD.  In  this  case  the 
user  must  write  a FUNCTION  routine  which  reads  tha  data  from  the  EXTRA  tape 
with  the  required  foraiat. 

Identification  numbers,  units,  calibration  Information,  and  alphanu- 
meric Identification  Information  for  the  data  can  be  entered  from  cards. 
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Output:  The  output  from  HR  VISARD  consists  of  comprehensive  printouts  and  plots 

generated  under  user  control.  In  general,  almost  all  output  la  under  con- 
trol of  the  user.  The  plot  routines  are  those  for  a Calcomp  digital  incre- 
mental plotter. 

Language:  HR  VISARD  is  written  almost  entirely  In  FORTRAN  IV  language.  (Four 

exceptions  are  noted  below.)  The  program  la  presently  in  operation  on  an 
IBM  7090  Computer  with  an  IBSYS  operating  system  and  FORTRAN  IV  language. 
TVe  exceptions  to  FORTRAN  are  as  follows: 

a.  The  Calcomp  plotting  package. 

b.  The  routine  for  reading  variable-length  binary  records  from  the 
ADC  tape. 

c.  A routine  which  unpacks  a standard  36-blt  word. 

d.  A routine  which  aids  in  the  detection  of  numbers  and  vords  for 
the  free-mode  Input. 

Hardware:  HR  VISARD  Is  written  for  the  IBH  7094  Computer  with  32,768  words  of 
core  memory  plus  about  alx  tape  units  depending  on  the  user. 

Osage:  The  MR  VISARD  Program  was  prepared  to  fulfill  a requirement  In  the  shock 

and  vibration  groups  at  NOL  for  a comprehensive  data  manipulation  and  anal- 
ysis capability.  However  It  la  coded  mainly  in  FORTRAN  and  hence  In  prin- 
ciple could  be  adapted  for  use  on  other  machines  at  other  locations. 

Developer:  The  majority  of  the  programming  for  HR  VISARD  was  done  by  R.S.  Reed, 

the  author  of  the  cited  report.  Some  of  the  routines  were  taken  from  the 
NOL  library  and  SHARE. 

Availability:  In  principle,  HR  VISARD  would  be  available  at  very  low  cost  to 

other  government  installations.  The  organization  involved  would  have  to 
le  prepared  to  solve  the  attendant  problems  Inherent  In  FORTRAN  compiler 
and  operating  system  incompatibilities.  For  further  Information  contact 
R.  S.  Reed,  Environment  Simulation  Division,  U.S.  Naval  Ordnance  Labora- 
tory, Vhite  Oak,  Maryland. 

Comments:  The  MR  VISARD  System  la  a comprehensive  system  for  time  series  data 

analysis  and  la  comparable  with  the  MAC/RAN  System  In  overall  capability. 

It  doss  not  possess  some  of  the  special  add-ons  nor  the  multi-input  linear 
system  analysis  capability  of  MAC /RAN;  however,  It  docs  possess  additional 
flexibility  In  probability  density  functions. 

The  author  has  no  hands  on  usage  of  the  MR  VISARD  System  and  cannot 
vouch  for  Its  ease  of  use.  However,  Its  design,  and  control  statements 
certainly  seem  well  thought  out.  It  should  be  reasonably  efficient  since 
It  undoubtedly  has  been  somewhat  customl-sd  for  the  IBM  7094.  On  the 
other  hand,  Its  potantlal  usefulness  to  other  organizations  may  be 
limited  since  It  has  only  bean  used  and  tested  at  NOL. 


DYVAN  [6] 

Date  Issued:  July  1971 

Capability:  The  DYVAN  program  Is  Intended  to  analyze  sinusoidal  sweep,  ahock, 

single  and  two  channel  random  data.  This  includes  auto  and  cross  correla- 
tions, power  and  cross  spectral  density  function,  coherence  and  probability 
hlatograma . 

Method:  The  computational  methods  are  based  on  the  pre-FFT  algorithms  of 

Blackman  and  Tukey  [7]  but  Implement  most  functions  discussed  hare  and 
In  [I]. 

Input  Data:  The  system  accepts  magnetic  tapes  produced  by  a digitizer  which 
outputs  a standard  IBM-compatible  half-inch  7-track  tape,  recorded  In 
odd  parity.  The  packing  density  varies  from  200  to  000  bits  par  Inch, 
depending  on  the  sample  rate. 

The  Input  to  control  the  analysis  is  on  punched  cards  in  a fixed 
field  format  much  like  the  MAC/RAN  and  MR  VISARD  Systems. 

Output:  End  user  output  is  graphical  plots  and  printed  results.  Plotted 

output  can  be  produced  on  either  a CRT  type  plotter  (SC  4020  and  SO  4060) 
or  a digital  Incremental  plotter  (CALCOMP  565).  The  user  can  exsreiee 
some  control  over  the  deletion  of  plots  snd  the  selection  of  certain  scale 
options . 
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Language:  The  program  la  95X  coded  In  ANS  FORTRAN  IV  and  Is  "almost  machine- 

independen : . " 

Hardware:  The  program  la  operational  under  release  18  of  the  IBM  system/360/91 
Operating  System  and  version  2.0  of  the  CDC  3000L  Real-Time  SCOPE  computer 
system.  It  Is  not  known  how  many  tape  and/or  disk  drives  and  other  peri- 
pheral devices  are  required  for  system  operation.  However,  It  Is  guessed 
that  a typical  large  scale  computer  complement  of  peripheral  equipment  Is 
necessary. 

Usage:  DYVAN  is  used  at  Goddard  SFC  for  various  types  of  shock  and  vibration 

analysis.  Discussions  with  two  users  have  Indicated  general  satisfaction 
with  its  characteristics  and  capability. 

Developer:  The  DYVAN  system,  developed  under  research  and  technology  operating 

plan  (RTOP)  1 24—08—1 4 , High  Frequency  Launch  Dynamics,  as  part  of  GSFC 
lead  center  responsibility  in  random  data  analysis  and  applications,  repre- 
sents the  combined  effort  of  several  people  In  the  Test  and  Evaluation 
Division.  Reginald  S.  Mitchell  of  the  Electronics  Test  Branch  (ETB) 
designed,  assembled,  and  Implemented  the  DYVAN  computer  programs;  Anthony 
Villasenor  of  ETB  contributed  the  sinusoidal  analysis  capability;  Roy 
Morgan  of  ETB  designed  and  Implemented  the  analog-to-dlgltal  conversion, 
formatting,  and  recording  equipment;  and  Robert  Dorian  of  the  Structural 
Dynamics  Branch  provided  operational  liaison  between  the  users  and  the 
computers  and  aided  In  program  checkout  and  documentation. 

Availability:  The  DYVAN  system  is  highly  customized  for  use  by  GSFC  In  their 

special  requirements.  Although  the  system  could  undoubtedly  be  made 
available  to  other  government  organizations  by  GSFC,  It  is  unlikely  that 
It  would  be  useful  without  a substantial  investment  In  manpower  to  adapt 
It  to  the  particular  computer  and  A/D  conversion  system  Involved.  For 
further  Information,  contact  E.  J.  Klrchlnan,  Code  321,  Structural 
Dynamics  Test  Branch,  Taat  and  Evaluation  Division,  Systems  Reliability 
Directorate,  NASA  Goddard  Space  Flight  Center,  Greenbelt,  Maryland  20770. 

Comments:  The  DYVAN  system  does  not  have  the  general  broad  capability  of  the 

MAC/RAN  and  MR  WISAKD  systems.  Hovever,  considerable  effort  seems  to 
have  been  expended  in  adapting  to  the  capability  of  the  A/D  conversion 
system  which  plays  an  Integral  part  In  Its  overall  use.  It  appears  to  be 
a well  thought  out  system  from  that  standpoint.  Also  limited  conversa- 
tions with  users  Indicates  a general  satisfaction  with  Its  capability. 

It  la  unlikely  that  DYVAN  Is  a very  "portable"  system  in  Its  entirety 
due  to  its  customized  interface  with  the  digitization  system.  However, 
portions  of  It  may  be,  since  It  1b  at  least  operational  on  two  distinct 
computer  systems. 

RAVAN  [8] 

Date  Issued:  November  17,  1965 

Capability:  The  RAVAN  program  performs  various  statistical,  spectral,  and  cor- 

relation analyses  for  vibration,  acoustics,  and  related  data. 

Method:  The  computational  methods  are  based  on  the  pre-FFT  algorithms  of 

Blackman  and  Tukey  [7]  but  Implement  many  of  the  functions  discussed  here 
and  in  [l]. 

Input  Data:  The  input  to  the  program  Is  normally  an  800  bit-per-lnch  floating 

binary  magnetic  tape.  It  Is  also  possible  to  Input  data  via  punched  cards, 
but  this  la  relatively  inefficient.  Control  parameters  for  the  processing 
are  input  via  punched  cards.  Special  formatting  programs  allow  substantial 
flexibility  to  the  input  data  format. 

Output:  The  primary  output  from  RAVAN  Is  plots  generated  on  the  SC  4020  CRT 

digital  plotter.  All  functions  computed  are  plotted  with  substantial  an- 
notation. Either  linear  or  logarithmic  scales  are  generally  available. 

Language:  The  program  Is  written  in  SHARE  Compller-Assembler-Translator  (SCAT) 

and  Is  designed  to  operate  on  the  IBM  7094  computer  with  an  IBM  1401  off- 
line printer  and  Stromberg-Carlaon  4020  plotter  as  outputs.  If  a plotter 
Is  not  available,  the  program  contalus  a print-plot  option.  The  program 
Is  operated  under  the  special  operating  system,  "SPOOK." 
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Hardware:  RAVAN  la  written  for  the  IBM  7094. 

Usage:  RAVAN  was  written  to  analyze  vibration,  acoustic,  and  related  data  from 

various  missile  and  space  vehicle  vibration  tests.  It  and  related  pro- 
i grams  were  probably  used  more,  or  at  lease  as  much,  In  terms  of  computer 

time  usage  as  any  other  program.  In  Its  exact  form,  It  was  employed  only 
at  Marshall  Space  Flight  Center,  but  It  was  the  model  for  other  related 
program  packages  at  other  NASA  Installations. 

Developer:  The  major  part  of  the  development  of  this  program  package  was  by 

Mr.  Murl  Newberry  at  MSFC. 

Availability:  The  RAVAN  package  would  only  be  operable  on  an  IBM  7094.  Hence 

it  Is  not  widely  svallable.  However,  Iti  description  Is  Included  since 
it  formed  the  basis  for  several  other  NASA  vibration  and  acoustic  data 
reduction  systems.  For  further  Information,  contact:  Murl  H.  Newberry, 

Computation  Laboratory,  Marshall  Space  Flight  Center,  NASA,  Huntsville, 
Alabama  3S812. 

Comments:  The  RAVAN  system  was  one  of  the  earliest  developed  computer  program 

packages  for  vibration  and  acoustic  data.  Considerable  effort  was  spent 
In  Its  development.  The  computations  Include  probability  density  and 
distribution  histogram,  Gaussian  and  Rayleigh  distribution  calculations, 

X?  goodness  of  fit  test,  atatlonarlty  test,  peak  analysis,  correlation 
functions,  power  and  cross  spectra,  frequency  response  and  coherence. 

The  package  lacks  some  of  the  more  recently  developed  digital  fil- 
tering and  multi-spectral  analysis  capability.  In  later  versions,  un- 
doubtedly many  of  these  capabilities  are  Included. 

Due  to  the  very  restrictive  nature  of  the  language  In  which  It  was 
coded,  It  Is  not  really  available  for  widespread  use.  However,  as  men- 
tioned before,  RAVAN  has  formed  the  basla  for  other  packages  adapted  to 
other  systems. 

HMD  [9] 

Date  lasued:  The  BMD  system  ie  continually  changing.  The  time  aeries  capa- 

bility was  Issued  In  about  1964  and  updated  in  about  1968. 

Capability:  The  time  series  section  of  BMD  includes  an  original  correlation 

and  spectrum  computation  section  baaed  on  the  Blackman-Tukey  method  and 
a later  extension  (X  series)  to  ?FT  based  spectra  Including  detrending, 
filtering  and  multichannel  spectral  aualysla.  Hence  the  BMD  package  can 
Implement  moat  of  the  techniques  discussed  here  and  In  [l]. 

Method:  The  computational  methods  Include  the  Blackman-Tukey  methods  for  cor- 

relation and  spectra,  amplitude  and  phase  estimates  via  digital  filters, 
and  the  later  veralons  (X  aeries)  are  based  on  the  FFT.  The  spectral 
computations  are  generally  limited  to  a core  full  of  data,  which  may  be 
a severe  limitation. 

Associated  with  the  BMD  package  la  a complete  set  of  allied  programs 
for  data  screening,  editing,  transformation,  and  a wide  variety  of  sta- 
tistical computations. 

Input  Data:  The  system  accepts  FORTRAN  compatible  Input  data  files,  from  tape 
and/or  disk  and  cards  depending  on  the  computer  system.  Usually  the  data 
would  have  been  processed  by  the  data  screening  routines  prior  to  Input 
to  the  time  series  analysis  routines.  Generally,  if  one  la  dealing  with 
the  output  of  an  analog-to-dlgltal  converter,  a reformatting  step  would 
be  necessary,  similar  to  the  MAC/RAN  system.  The  control  of  the  opera- 
tion of  the  programs  Is  via  control  cards  and  all  Input  parameters  are 
entered  Into  the  program  via  cards. 

Output:  Output  Is  generally  In  the  form  of  printed  listings  and  printer  plots. 

Recent  veralons  of  the  programs  also  Include  a digital  incremental  plot 
capability. 

Languaga:  The  program  la  almost  entirely  coded  In  ANS  FORTRAN  IV  and  is  near- 

ly machine  Independent. 

Hardware:  Moat  of  the  BMD  modules  were  coded  to  operate  on  the  IBM  360/91 

under  various  releases  of  OS.  In  principle,  the  package  may  be  transfer- 
red to  any  system  that  supports  FORTRAN  IV.  In  practice  the  tranefer  Is 
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non-trivl«l,  but  has  been  accomplished  for  almost  every  large  scale  com- 
puter In  existence. 

Usage:  The  BMD  package  la  Intended  to  be  a generally  available  program  pack- 
age. Its  emphasis  la  in  basic  statistics  and  it  Is  a well  exercised 
package  for  those  modules.  The  time  series  analysis  modules  may  not  be 
as  extensively  used,  but  have  definitely  seen  utilization  throughout  a 
wide  number  of  organizations  In  the  U.S.,  Canada,  and  Europe. 

Developer:  The  BMD  package  has  had  many  contributors  over  tho  years.  The 

main  developer  of  the  Blackman-Tukey  routines  was  Mr.  Lynn  Hayward,  and 
the  main  developer  of  the  later  FFT  and  multichannel  routines  was  Mr. 
Robert  Generlch.  Prof.  U.  J.  Dixon  of  the  UCLA  Blostatlstlcs  Department 
has  maintained  cognizance  over  the  ongoing  project. 

Availability:  The  BMD  package  is  one  of  the  most  v'dely  available  packages 

In  existence.  Most  universities  and  most  computer  service  bureaus  have 
an  operational  version  of  the  basic  system.  In  some  instances  the  lat- 
est X-serles  may  not  be  available.  The  system  Is  also  available  from 
the  UCLA  Health  Sciences  Computing  Facility.  The  potential  user  who  in- 
tends to  adapt  It  to  his  system  must  be  cautioned  that  the  BMD  package 
Is  a large  system  and  substantial  effort  is  required  to  adapt  It  to  a 
given  computer  system.  For  further  information,  contact:  Prof.  W.  J. 

Dixon,  Health  Sciences  Computing  Facility,  UCLA,  Los  Angeles,  CA  90025. 

Comments:  Overall,  the  BMD  package  Is  s very  complete,  very  large  program 
package.  However,  ltr  emphasis  Is  basic  statistics  and  not  time  series 
analysis.  If  there  la  a major  criticism  to  the  package,  it  Is  that  it 
has  grown  like  "Topay"  and  hence,  not  all  modules  are  as  well  Integrated 
Into  the  system  as  they  might  otherwise  be. 

The  capability  of  the  newest  modules  for  multichannel  spectral  anal- 
ysis Is  considerable.  However,  Its  flexibility  has  been  restricted  by 
the  fact  that  the  computational  algorithms  depend  on  all  data  being 
available  In  high  speed  storage.  Hence  the  resolution  and  degrees  of 
freedom  of  the  spectral  analysis  can  encounter  serious  limitations. 
However,  recent  modifications  have  corrected  these  limitations  although 
the  author  has  no  experience  with  the  upgraded  version.  Also,  digital 
Incremental  plotting  capability  has  been  added  to  correct  the  printer 
plot  limitations  of  the  earlier  version. 

The  BMD  package  Is  well  documented  with  a manual  available  for 
sale  by  the  UCLA  bookstore.  In  general,  it  Is  a continually  growing  and 
developing  package  and  improvements  are  announced  regularly. 


Part  II:  Minicomputer  Based  Software/Hardwara  Systems 


Time  Data  Corporation  Systems  [10,  11,  12] 

Date  Issued:  Original  System  1966,  Minicomputer  System  1970. 

Capability:  Time  Sarlss  Analysis  systems  are  based  on  DEC  PDP-11  minicomputer. 

They  Include  both  data  analysis  systems  and  vibration  test  control  systems. 
All  systems  are  FFT  softvara  based  with  a mlcrocodsd  FFT  processor  avail- 
able for  higher  speeds.  All  basic  functions  are  Implemented: 

Direct/ Inverse  Fast  Fourier  Transform 
Auto/cross  spectrum 
Transfar/coharanca  function 
Impulse  response 
Auto/cross  correlation 
Amplitude  histogram 
Characteristic  functions 

Additional  functions  are  available  In  a special  softvara  package  called 
TSLtB  (Tima  Series  Language). 

The  vibration  test  control  systems  constitute  a special  subset  of 
processors  which  perform  sure  or  less  standard  tins  series  data  reduction 
methods,  but  are  dedicated  to  the  specific  application  of  vibration 
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testing.  These  break  down  further  into  random  vibration,  sinusoidal 
vibration,  and  shock  control  systems. 

All  systems  have  direct  two-channel  analog  data  input  capability 
with  real  time  data  acquisition  and  analysis  bandwidths  up  to  4 kHz. 

Two  channels  of  data  can  be  handled  simultaneously  with  up  to  32  op- 
tional. 

Certain  modal  analysis  capabilities  are  also  available  and  are  dis- 
cussed in  another  chapter  of  this  monograph. 

Method:  The  computations  Implemented  are  essentially  those  reviewed  in  this 

chapter  and  in  [l]  with  the  exception  of  the  multi-spectral  analysis. 

The  FFT  computations  are  performed  in  16-bit  block  floating  arithmetic. 

Subsequent  computations  are  usually  performed  in  32-blt  floating  point. 

The  vibration  control  algorithms  ate  patented  methods  based  on 
random  number  generation  and  spectrum  shaping  and  estimating  via  FFTs. 

Input  Data:  Standard  input  is  analog  signals  routed  directly  into  12-bit 

A/D  converters  which  are  a standard  part  of  the  system.  Disk  and  tape 
drives  are  also  available  as  options  for  the  system  so  it  is  possible 
to  input  properly  formatted  data  from  these  devices.  Sampling  rate 
capability  ranges  up  to  200,000  sps  which  outstrips  the  transfer  rate 
capability  of  the  peripheral  devices. 

Inputs  to  set  parameters  and  control  the  processing  sequence  come 
from  one  of  three  sources: 

1 . A panel  with  various  knobs  and  switches 

2.  A Teletype  or  similar  typewriter  style  keyboard 

3.  A CRT  display  with  Teletype  style  keyboard. 

Output:  Data  la  displayed  on  a standard  4"  x 5"  storage  CRT.  The  display 

la  fully  calibrated  with  alphanumeric  indications  of  vertical  and  hori- 
zontal scales,  and  of  the  value  of  the  left  edge  in  Hz  or  seconds  as 
appropriate.  Sampled  inputs  end  processed  functions  are  displayed  with 
linear  or  logarithmic  scales  in  either  axis.  Coordinate  systems  are 
selectable  for  complex  data  displays:  real,  imaginary,  Nyqulst  (phase 

plane),  magnitude,  and  phase.  Data  is  displayed  in  points,  bars,  or 
continuous  trace  - and  any  portion  of  the  display  may  be  expanded  to 
fill  the  full  display.  Duplicate  displays  may  be  obtained  with  an  op- 
tional X-Y  plotter. 

Larger  displays  are  available  on  an  optional  Tektronix  CRT  with  an 
8”  x 10"  screen.  Additional  flexibility  in  display  scaling  and  format 
may  be  obtained  vie  the  TSL  software  system. 

Data  may  be  output  to  disk  or  tape  assuming  these  I/O  units  are  on 
the  system. 

Language:  Almost  all  software  in  a T/D  system  is  proprietary  and  written 

in  assembly  language  for  the  PDP-11.  Certain  special  modules  are  pro- 
grammed in  the  proprietary  Time  Series  Language  (TSLtB) . The  system 
user  elso  has  TSL  avallsble  to  him  with  which  to  code  special  applica- 
tion solutions. 

Usage:  Time/Data  systems  are  In  widespread  use  throughout  the  U.S.,  Canada, 

Europe,  Japan  and  Australia.  Approxlsiately  200  systems  are  in  regular 
use. 

Developer:  The  Tlae/Data  system  Is  a company  product  developed  by  the  Time/ 

Data  staff. 

Availability:  Since  Time/Data  systems  are  commercial  products  they  are  im- 

mediately available.  Typical  prices  are  about  $50,000  up  for  de- 
livered, warranted,  checked  out  systems.  For  further  Information  on 
availability  contact  Tlme/Data  Corporation,  1050  E.  Meadow  Circle, 

Palo  Alto,  CA  94303,  (415)  494-7000. 

Comments:  The  Time/Data  systems  are  good,  fast,  well  tested,  and  flexible 

machines.  As  la  the  csss  with  similar  products  of  Hewlett-Packard, 

CSPI,  and  others,  they  offer  certain  advantages  over  large  seals  com- 
puter systems  since  they  are  cost  effective  In  an  on-line  laboratory 
situation.  Sines  A/D  conversion  Is  a built  In  hsrdware/software  fea- 
ture, one  has  immediate  results  as  contrasted  to  the  minutes  to  hours 
to  days  typically  encountered  In  large-scale  systems. 


( 


I 


39ft  SHOCK  AND  VIHHA1ION  COUflU f.H  MtHiHAMS 

The  disadvantage  of  the  minicomputer  based  systems  is  that  they 
have  a limited  word  length  (16  bits),  sometimes  creating  problems  with 
numerical  precision,  and  generally  do  not  have  the  complement  of  periph- 
eral storage  devices.  The  advent  of  less  expensive  peripheral  devices 
such  as  flexible  (floppy)  disks  and  cassette  tapes  in  rapidly  reducing 
the  gap  in  this  area. 

A special  feature  of  Time/Data  is  the  Time  Series  Language.  This 
allows  the  relatively  novice  user  to  program  special  application  solu- 
tion with  a minimum  of  training.  Special  display  routines  make  it  quite 
easy  to  work  in  an  interactive  manner. 

Hewlett-Packard  Fourier  Analyzer  System  [14,  15,  16,  17] 

Date  Issued:  Approximately  1969. 

Capability:  Time  series  analysis  system  based  on  a HP  2100S  minicomputer. 

Includes  both  basic  data  analysis  systems,  vibration  test  control  system, 
and  special  software  for  rotating  machinery  analysis.  All  Bystems  are 
FFT  software-based  with  a hardware  FFT  processor  as  an  option  for  higher 
speed  All  basic  time  series  analysis  functions  are  available: 
Direct/inverse  FFT 
Power/cross  spectrum 
Transfer  'function/coherence  function 
Auto/cross  correlation 
Convolution 
Histogram 

In  addition,  the  HP  system  incorporates  a programmable  pushbutton 
keyboard  which  allows  the  computation  of  other  related  functions.  Also, 
differentiation,  integration  and  complex  arithmetic  are  available. 

The  vibration  teat  control  system  is  a specialized  Fourier  Analyzer 
System  with  a apecial  control  panel  which  augments  the  keyboard.  This 
system  is  a dedicated  random  vibration  control  system. 

All  systems  have  two  channel  analog  input  capability  with  four  chan- 
nel options.  Real  time  data  acquisition  and  analysis  bandwidth  up  to  4-5 
kHz  is  a standard  capability.  Other  options  allow  up  to  32  channels  of 
input  data. 

Method:  The  basic  computations  implemented  are  essentially  those  reviewed  in 

this  chapter  and  in  [l]  with  the  exception  of  the  multi-spectral  analysis. 
The  HP  2100S  is  microprograrrmable  and  much  of  the  HP  standard  software 
is  accomplished  this  way.  The  basic  FFT  is  done  in  16  bit  fixed  point 
arithmetic  with  block  floating  scaling.  Spectrum  computations  are  op- 
tionally done  in  single  or  double  precision. 

The  Fourier  Analysis  keyboard  controls  the  software  and  is  itself 
programmable.  Also,  user  routines  may  be  called  from  the  keyboard. 

Input  Data:  Standard  input  is  analog  signals  routed  directly  into  10  bit  A/D 

converters  with  12  bit  resolution  optional.  Sampling  rate  capability  is 
up  to  100,000  sps.  Disk  drives  and  tape  drives  are  optional  features  so 
that  properly  formatted  data  may  be  input  from  these  devices. 

Inputs  to  set  analysis  parameters  and  control  the  processing  sequence 
come  from  the  Fourier  Analyzer  keyboard.  This  keyboard  controls  all  sys- 
tem operations  with  additional  input  data  control  being  set  by  switches  at 
the  A/D  converter.  The  HP  keyboard  is  also  programmable  to  a limited  ex- 
tent, allowing  considerable  flexibility  in  control  from  the  keyboard. 

Output:  The  results  of  all  computations  are  observed  using  the  5660A  Display 

unit  and  180  Oscilloscope.  The  refresh  rate  provides  s stable  display  on 
the  oscilloscope  even  at  the  largest  blockslzes,  eliminating  in  most 
cases  the  need  for  a storage  oscilloscope.  A calibrated  scale  factor  for 
the  vertical  axis  la  shown  on  the  display  unit  digital  readout.  Also 
shovn  are  whether  the  display  is  in  time  or  frequency  domain  and  log, 
polar,  or  rectangular  coordinates.  The  user  can  select  resl/lmaglnary , 
magnitude/phase,  or  complex  (Nyqulst)  displays  of  the  data.  Larger  CRT 
display  devices  are  optional  from  Tektronix. 
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Also,  data  may  be  output  to  disk  or  tape  assuming  these  units  are 
available  with  the  system. 

Language:  The  HP  Fourier  Analyser  software  la  written  primarily  In  HP  2100S 

assembly  language.  This  minicomputer  Is  mlcroprogrammable  so  that  some 
of  the  software  Is  done  at  that  level. 

The  Fourier  Analyze'  keyboard  la  programmable  so  the  on-line  system 
user  essentially  operates  the  system  by  programming  the  keyboard.  User- 
written  software  routines  may  be  added  to  the  system  to  perform  special- 
ized tasks.  These  programs  may  be  written  In  Assembly  or  FORTRAN 
languages  and  additionally  may  be  mlcrocoded  for  fast  operation.  Each 
program  ia  given  a numerical  name  end  is  called  from  the  Fourier  keyboard 
by  means  of  the  USER  PROGRAM  key.  Any  number  of  user  programs  may  be  in- 
cluded in  a system,  limited  by  the  amount  of  memory  available. 

Usage:  HP  systems  are  In  widespread  use  throughout  the  U.S.,  Canada,  and 

Europe.  The  author  guesses  that  about  200  systems  are  operational. 

Developer:  The  Hewlett-Packard  Fourier  Analyzer  System  is  a company  product 

developed  by  the  HP  staff. 

Availability:  Since  HP  systems  are  commercial  products,  they  are  Immediately 

and  widely  available.  Typical  prices  are  about  $50,000  and  up  for  a deliver- 
ed, warranted,  checked-out  system.  For  further  Information,  contact 
Hewlett-Packard,  5301  Stevens  Creek  Blvd.,  Santa  Clara,  Calif.  95050. 

Comments:  The  HP  Fourier  Analyzer  systems  are  good,  fast,  well  tested,  and 

flexible  machines.  As  is  the  case  with  Time/Data,  CSPI,  and  others  they 
offer  certain  advantages  over  large  scale  computer  systems  since  they  are 
cost  effective  in  an  on-line  laboratory  situation.  Since  A/D  conversion 
la  a built  In  hardware/software  feature,  one  has  Immediate  results  as 
contrasted  to  the  minutes  to  hours  to  days  typically  encountered  In  large 
scale  systems. 

The  disadvantage  of  the  minicomputer  baaed  systems  is  that  they  have 
a limited  word  length  (16  bits)  sometimes  creating  problems  with  numer- 
ical precision  and  generally  do  not  have  the  complement  of  peripheral 
storage  devices.  The  advent  of  less  expensive  peripheral  devices  such  as 
flexible  (floppy)  disks  and  cassette  tapes  Is  rapidly  reducing  the  gap  In 
this  area. 

A major  feature  of  the  HP  system  Is  the  keyboard  which  Implements 
most  standard  time  series  analysis  functions  In  addition  to  I/O  control, 
complex  arithmetic,  and  various  data  manipulation  keys.  This  keyboard  is 
In  many  respects  similar  to  the  Time  Series  Language  of  the  Time/Data 
systems.  TSL  probably  haa  more  flexibility  but  the  keyboard  has  more  ac- 
cessibility. A potential  user  would  have  to  evaluate  the  relative  merits. 

Major  defects  of  this  type  of  mlnlcosiputer  system  relate  to  the  dis- 
play capability.  Even  though  hard  copy  displays  are  available,  they  do 
not  yet  match  up  with  the  quality  and  flexibility  of  large  computer  systems. 


CSPI  [18] 

Date  Issued:  Approximately  1970. 

Capability:  CSPI  produces  a high-speed  minicomputer  based  Digital  Signal  Pro- 

cessor. The  system  la  software  based  and  does  not  necessarily  control 
analog  Input  or  displays  as  standard,  but  all  these  are  optional  features. 
An  array  proceasor  Is  avallabls  as  an  option  to  provide  higher  speed  pro- 
cessing. The  basic  signal  processing  library  contains  the  following: 
Radix-4  FFT 
Rad lx- 3 FFT 
Radix-2  FFT 

FFT  related  functions — suto/cross  spectrum, 
convolutlon/correlatlon,  cepstrum 
Zoom  FFT 
Complex  multiply 
Complex  magnitude  squared 
Complex  magnitude 
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Coslne/slne  table  interpolation 
Log  ri  the  complex  magnitude 
Base-2  Log  (2  approximations) 

Complex  exponential  generator 

Recursive  filter 

Integrate  and  dump  filter 

Histogram 

Direct  correlation 

Direct  convolution 

Hanning  weighting 

Predictive  coding 

1/3  octave  filtering 

Method:  The  computational  methods  are  all  FFT  based  and  essentially  imple- 

ment the  basic  functions  discussed  in  this  chapter  and  in  [l]  with  the 
exception  of  the  multichannel  spectral  analysis.  The  software  is  written 
In  assembly  language  for  the  CSP-30  system.  The  usual  arithmetic  is  16 
bit  fixed  point. 

Input  Data:  The  basic  CSPI  systems  have  no  standard  data  input  device.  How- 

ever 2 channel  analog  input  into  8 to  IS  bit  A/D  converters  are  standard 
options.  Sampling  rate  capability  is  advertised  as  ranging  up  to  1 mil- 
lion spa.  Also,  disk  and  tape  decks  are  standard  options  so  that  proper- 
ly formatted  digital  data  along  with  appropriate  software  allows  data  to 
be  input  from  these  devices. 

The  CSPI  system  standard  input  device  is  a Teletype.  The  parameters 
and  signal  processing  function  control  must  be  accomplished  by  writing 
programs  to  make  use  of  appropriate  system  subroutines.  There  is  no  sys- 
tem input  analogous  to  the  panels  of  Time/Data  or  keyboard  of  Hewlett- 
Packard. 

Output:  There  is  no  standard  diaplay  or  data  output  device  on  CSPI  systems 

other  then  the  Teletype.  However,  line  printers,  digital  plotters,  CRT 
displays,  and  related  devices  are  all  advertised  as  options.  Similarly, 
disk  and  tape  drives,  if  available  on  a given  system,  could  be  utilized 
for  output  of  processed  data. 

Language:  All  standard  signal  processing  software  is  coded  in  assembly  lan- 

guage for  the  CSP-30.  Cross-assemblers  that  allow  assembly  language 
programs  to  be  coded  and  checked  out  for  the  CSP-30  on  a large  computer 
are  advertised  as  available. 

Usage:  The  CSPI  machines  have  seen  more  limited  usage  than  systems  such  as 

are  available  from  Time/Data  and  HP.  Most  of  the  usage  known  to  the 
author  is  associated  with  speech  processing  and  sonar  data  processing 
where  high  speed  is  of  paramount  importance.  In  at  least  one  case,  the 
author  is  familiar  with  the  use  of  an  earlier  version  in  a special  pur- 
pose analog-to-digltal  conversion  system  where  the  main  type  of  data  was 
vibration. 

In  general,  the  CSPI  systems  are  not  in  as  widespread  usage  as  other 
similar  systems.  However,  it  is  a commercially  available  product  and  ia 
successfully  used  by  many  organlzatlona. 

Developer:  The  CSPI  systems  are  company  products  developed  by  company  ataff. 

Availability:  Since  CSPI  systems  are  commercial  products,  they  are  immediately 

available.  Typical  prices  start  about  $30,000  but  go  up  as  optional  com- 
ponents ara  added.  For  further  information  contact:  CSPI,  209  Middlesex 

Turnpike,  Burlington,  Mass.  01803. 

Consents:  CSPI  systems  tend  to  emphasize  speed  of  processing  rather  than  eaae 

of  operation.  Also,  they  do  not  offer  a well  tested  standard  system  con- 
sisting of  I/O  gear  and  an  operator  panel,  keyboard,  or  ths  equivalent. 
However,  their  processing  speed  tends  to  be  faster  than  Time/Data  or  HP. 

Soma  of  the  advertised  software  capability  must  be  taken  with  a 
grain  of  salt.  For  example,  when  one  speaks  of  a digital  filter  capa- 
bility in  the  MAC/ RAH  package,  thle  includes  filter  deelgn  from  user 
epeclfled  bandwldthe  and  elopes,  plus  the  Implementation  of  the  filtering 
operation.  When  CSPI  speaks  of  a digital  filtering  capability,  they  mean 
high  speed  aubroutlnes  to  implement  the  user  supplied  filter  design. 
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The  most  recent  emphasis  at  CSPI  Is  on  their  array  processor  (MAP). 
This  is  a high  FFT  box  with  additional  multiply-add  capability.  It  can  be 
added  onto  many  computers  to  provide  the  basis  for  a high  speed  digital 
time  series  analysis  capability.  Hence  CSPI  seems  to  be  continuing  the 
emphasis  of  high  speed  as  opposed  to  an  integrated  complete  system  capa- 
bility. 


Part  III:  Special  Purpose  Digital  Hardware  Systems 

Nicolet  Scientific  Corporation  [19,  20,  2 1 ] 

Date:  Ubiquitous1"1  system  originally  developed  in  middle  1960s.  OmnlferousCra 

FFT  analyzer  initially  announced  in  1973. 

Capability:  The  newer  Omnlferoua  Analyzer  will  be  emphasized  due  to  its  great- 

er capability.  This  Is  essentially  a hardwired  digital  computer.  It  Is 
capable  of  inputting  two  channels  of  analog  data.  A system  Including 
"typical"  options  will  compute  the  following: 

Fast  Fourier  Transform 
Inverse  Fast  Fourier  Transform 
Power  Spectrum 
Cross-Spectrum 
Transfer  Function 
Coherence  Function 
Auto-correlation 
Croaa-correlation 

Ensemble  Averaging  for  Any  of  the  Above 
Signal  Enhancement  or  Time-Function  Averaging  for 
Two  Channels 

With  the  addition  of  the  mini-computer,  system  operation  can  be  expanded 
to  Include  octave-band  analysis,  one-thlrd-octave  analysis,  frequency 
equalization,  probability  density,  probability  distribution,  automatic 
spectrum  peak  detection  (special  calculations  optional),  and  spectrum 
signature  recognition. 

Thua  the  Omnlferoua  Analyzer  eaaentlally  can  compute  the  functions 
discussed  in  this  chapter  and  [l]  except  for  the  multichannel  spectral 
computations. 

The  maximum  real  time  processing  bandwidth  Is  10  kHz  for  two  chan- 
nels of  data. 

Method:  The  Omnlferoua  Analyzer  Is  baaed  on  a digital  FFT.  Instead  of  pure 

software,  however.  It  la  a hardwired  program.  The  arithmetic  la  apparently 
a combination  of  16  bit  fixed  point  and  12  bit  mantissa,  4 bit  character- 
istic floating  point.  The  basic  system  calculates  an  FFT  and  PSD  only. 

An  optional  add-on  processor  la  required  for  the  cross-spectrum,  etc.  A 
further  add-on  of  a minicomputer  brings  In  more  capability. 

Input  Data:  A signal  conditioner  input  unit  provides  amplitude  scaling,  fil- 

tering, and  digitizing  of  two  analog  input  signals.  Sixteen  standard 
analysis  ranges,  from  1 Hz  to  100  kHz,  are  selectable.  Built-In  dual 
sets  of  phase-matched  anti-aliasing  filters  cover  tbe  frequency  ranges 
from  10  Hz  to  100  kHz.  The  maximum  sszipling  frequency  for  each  of  the 
two  Input  channels  Is  260  kHz.  Sampling  is  controlled  either  Internally 
(by  the  setting  of  the  range  switch)  or  externally  (to  normalize  the 
coverage  to  some  external  parameter,  euch  as  rpm).  Actuating  the  manual 
or  automatic  "HOLD"  retains  a transient  (In  digital  form)  In  the  memory. 

Output:  A single-display  unit  is  available  which  li  a 5 Inch  X-Y  oscilloscope 

(rack  mounted)  which  provides  fully  calibrated  displays  of  all  output 
functions.  The  unit  la  a Tektronix  Type  502,  slightly  modified  and  fully 
Integrated  with  the  x,  y,  and  z outputs  derived  from  the  Analyzer.  Per- 
manent  records  of  the  display  are  available  by  using  the  Tektronix  C-30A 
camera  with  adapter  (not  supplied  at  part  of  the  standard  system).  Also 
available  Is  a dual  display  unit  which  consists  of  two  5 Inch  oscillo- 
scope display  units  mounted  side  by  side  in  a rack  adapter.  The 
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analyzer  provides  separate  vertical  display  selection  and  scaling 
controls  for  each  oscilloscope. 

Language:  The  concept  of  computer  program  language  does  not  apply  to  thlB 

analyzer  since  the  program  Is  essentially  hardwired. 

Usage:  The  Ubiquitous  analyzer  has  much  larger  usage  throughout  the  world, 

especially  In  Navy  applications.  The  newer  Omnlferous  analyzer  Is  not 
yet  in  such  widespread  use;  however,  many  of  these  units  do  exist  and 
apparently  are  In  regular  use. 

Availability:  This  analyzer  and  the  others  are  commercial  products  and  Im- 

mediately available.  Typical  prices  for  the  Omnlferous  are  In  the 
$60,000  range.  The  lesser  capability  Ubiquitous  is  in  the  $10,000  and 
up  category.  For  further  information  contact:  Nicolet  Scientific  Corp., 

245  Livingston  Street,  Northvale,  New  Jersey  07647. 

Comments:  Nicolet  emphasizes  hands-on,  easy  to  use,  high  speed  laboratory 

type  devices.  The  penalty  paid  Is  In  expandability  and  flexibility. 

From  the  standpoint  of  high  speed  two  channel  time  series  analysis  capa- 
bility, the  Nicolet  system  Is  very  powerful.  The  displays  are  not  neces- 
sarily as  well  formatted  as  are  available  In  the  minicomputer  based 
systems,  but  they  are  adequate  for  many  uses  and  extremely  good  for  some 
aspects  of  real  time  data  analysis  displays. 

The  system  can  be  augmented  with  a minicomputer  to  provide  addi- 
tional flexibility  but  the  author  Is  not  familiar  with  this  configura- 
tion. 

The  hardwired  approach  to  a system  such  as  this  has  virtues  and 
faults  which  must  be  evaluated  by  the  potential  user.  One  essentially 
pays  the  penalty  of  lack  of  flexibility  in  exchange  for  high  speed  and 
laboratory  instrument  type  knobs,  dials  and  switches  and  their  attendant 
convenience. 


Spectral  Dynamics  Corp.  SD360  [22],  [23] 

Date  Issued:  Late  1973. 

Capability:  The  all-digital  SD360  Digital  Signal  Processor  - the  "DSP"  - la  a 

stand-alone,  hardwired  FFT  Analyzer  that  combines  capabilities  of  two 
Real  Time  Analyzers,  a transfer  function  analyzer,  analog  signal  condi- 
tioners and  a computer.  It  provides  a complete  signal  analysis  capabil- 
ity from  0.01  Hz  to  150,000  Hz. 

The  DSP  looks  and  operates  like  an  Instrument,  not  a computer.  It 
performs  a dozen  different  data  analysis  functions,  Including: 

Signal  Averaging 

Single  or  Dual  Channel  FFT 

Cross-Spectrum  Analysis 

Inverse  Transforms 

Autocorrelation 

Cross-Correlation 

Convolution 

Transfer  Function  Analysis 
Coherent  Output  Power 
Probability  Density  Histograms 
Probability  Distribution 

Hence  the  SD360  essentially  Implements  all  of  the  procedures  reviewed  In 
this  chapter  and  [l]  with  the  exception  of  the  multichannel  spectral 
analysis.  The  maximum  real  time  bandwidth  for  two  channel  spectral  anal- 
ysis is  approximately  30  kHz. 

Spectral  Dynamics  also  produces  a vibration  test  control  system 
based  on  the  SD360.  In  addition  options  sre  available  for  tracking  fil- 
ter and  shock  spectrum  analysis.  The  system  can  be  Interfaced  to  a PDP- 
11  minicomputer  to  provide  additional  I/O  flexibility. 

Method:  The  SD360  Is  a digital  hardwired  system  based  on  the  FFT.  The  com- 

putations are  apparently  performed  in  16  bit  block  floating  point,  a 16 
bit  mantissa,  7 bit  characteristic  floating  point,  and  a 7 bit  character- 
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lHtlc,  fl-bit  mantissa  floating  point.  Presumably  the  FFT  Is  done  In 
block  floating  point  with  subsequent  spectrum  averaging,  etc.,  done  In 
floating  point. 

Input  Data:  Standard  Input  Is  two  channels  of  analog  data  routed  through 

anti-aliasing  filters  and  12  bit  A/D  converters.  The  maximum  sampling 
rate  capability  is  307,200  sps. 

Control  parameters  for  the  system  are  entered  via  switches,  knobs 
and  pushbuttons.  This  includes  I/O  control  and  processing  function  con- 
trol . 

The  SD360  also  has  a digital  signal  Input  capability  so  that  It  Is 
possible  to  connect  appropriate  digital  devices  to  the  system. 

Output:  The  only  standard  output  Is  to  LED  digital  numerical  displays.  How- 

ever, in  typical  systems  optional  x,y  oscilloscopes  are  provided.  An- 
other option  Is  a 3D  display  control  to  provide  plots  of  time  varlng 
spectra.  Also  hard  copy  x,y  plotters  may  be  attached  to  a system.  A 
digital  output  channel  exists  so  that  the  capability  would  be  available 
to  drive  digital  devices. 

If  the  system  was  interfaced  with  the  PDP-11  minicomputer,  then  ad- 
ditional output  to  tape  and  disk  would  be  possible. 

The  standard  LED  numerical  display  Is  controlled  by  a joystick.  Un- 
der Joystick  control,  the  Intensity  marker  (cursor)  follows  the  processed 
data  on  the  scope  to  any  selected  location.  Digital  values  of  that  spe- 
cific location  are  then  displayed  on  the  6 digit  LED  panel:  frequency 

(In  Hz);  time  (in  milliseconds);  amplitude  (In  dB  or  normalized  level); 
or  phase  (In  degrees).  A panel  Immediately  adjacent  to  the  LED's  auto- 
matically defines  the  units  being  displayed  and  whether  they  are  llneat 
or  log  values. 

The  0 dB  reference  for  the  LED  readout  can  be  set  at  any  convenient 
data  level,  or  at  the  full  scale  voltage  level.  For  log  readouts,  the 
level  Is  displayed  as  ±dB  from  this  reference  level. 

The  x address  of  the  memory  corresponding  to  the  cursor  location  can 
also  be  displayed  on  the  LED's. 

Language:  The  concept  of  computer  program  language  does  not  apply  to 

this  analyzer  since  the  program  Is  essentially  hardwired. 

Usage:  The  SD360  DSP  Is  a relatively  new  addition  to  the  Spectral  Dynamics 

equipment  line.  S-D  tracking  filters,  mechanical  Impedance  analyzers, 
and  related  analog  equipment  have  been  In  widespread  use  for  many  years 
however.  Therefore,  It  Is  assumed  that  the  SD360  Is  In  fairly  wide  use 
In  vibration  data  analysis  throughout  the  U.S. 

Availability:  This  analyzer  Is  a commercial  product  and  hence  lmedlately 

available.  Typical  minimum  prices  for  a system  Including  displays  would 
be  In  the  $60,000  range.  For  further  Information  contact:  Spectral 

Dynamics  Corporation,  P.0.  Box  671,  San  Diego,  Ca.  92112. 

Commentr.:  Spectral  Dynamics,  as  does  Nicolet,  emphasizes  hands-on,  easy  to 

use,  high  speed  laboratory  type  devices.  The  penalty  paid  Is  In  expand- 
ability and  flexibility.  From  the  standpoint  of  high  speed  two  channel 
time  series  analysis  capability,  the  Spectral  Dynamics  system  Is  very 
powerful.  Their  standard  display,  the  numerical  LED,  has  Interesting 
features  with  Its  Joystick  control,  but  Is  vary  limited.  It  Is  unlikely 
that  anyone  In  the  shock  and  vibration  data  reduction  business  would 
ever  be  satisfied  with  just  this.  When  the  optional  oscilloscope  dis- 
plays are  obtained,  some  very  useful  optional  display  features  are 
available.  In  particular,  the  tire  varying  spectral  display  Is  useful. 
However,  In  any  case,  the  displays  would  not  be  as  well  formatted  as  Is 
possible  from  the  general  purpose  computer  based  system. 

The  system  can  be  augmented  with  a minicomputer  to  provide  addition- 
al flexibility  but  the  author  la  not  familiar  vlth  this  configuration. 

Tha  hardwired  approach  to  a system  such  as  this  has  virtues  and 
faults  which  must  be  evaluated  by  the  potential  user.  One  essentially 
pays  the  penalty  of  lack  of  flexibility  in  exchange  for  high  speed  and 
laboratory  Instrument  type  knobs,  dials  and  switches  and  their  attendant 
convenience. 
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Honeywell /SAICOR  [24,  25] 

Date  Issued  : Approximately  1973, 

Capability:  We  are  describing  the  combined  capability  of  a digital  correla- 

tion (SAI  43A)  and  digital  Fourier  transform  analyzer  (SAI  470),  SAICOR 
has  produced  various  types  of  analog  and  hybrid  signal  processing  gear 
for  several  years  but  we  restrict  our  discussion  to  this  particular  gear. 

The  SAI-43A  Correlation  and  Probability  Analyzer  la  an  all  digital 
high  speed  processing  Instrument  which  provides  an  on-line,  real  time 
computation  in  three  primary  operating  modes  - Correlation  (auto  and 
cross),  Enhancement  (or  signal  recovery)  and  Probability  (density  and 
distribution).  A 400  point  analysis  Is  accomplished  In  all  modes.  The 
SAI-43A  provides  a minimum  At  of  .2  *jsec  or  a 5 MHz  sampling  rate.  Al- 
so standard  are  800  points  of  precomputation  delay,  exponential  (RC) 
averaging,  and  binary  digital  outputs. 

The  SAI-470  Fourier  Transform  Analyzer  (FTA)  is  a fully  digital  In- 
strument which  performs  a Fourier  analysis  of  any  function  computed  by 
either  the  SAI-42  or  SAI-43  100  and  400  point  Correlation  and  Probability 
Analyzers.  (External  digital  lnpu'.  data  can  also  be  applied  to  the  FTA 
for  transformation.)  The  combination  of  these  two  devices  gives: 
Auto/cross  correlation  funcLlon 
Power/cross  spectral  density  function 
Probability  density 
Probability  distribution 
Signal  averaging 

Hence,  these  Instruments  Implement  a subset  of  the  functions  described 
In  this  chapter  and  in  [l]. 

Method:  The  correlation  and  probability  functions  are  computed  directly;  the 

correlation  from  a sum  of  products.  This  dsta  Is  then  Input  to  the 
Fourier  transform  analyzer  which  computes  the  transform  via  a "slow” 
algorithm.  The  computations  are  performed  rapidly  due  to  the  digital 
circuitry  Implementation,  not  the  computational  algorithm.  The  combina- 
tion of  these  two  devices  essentially  implements  the  Blackman-Tuksy 
method  [7]  for  digital  spectral  computations. 

Input  Data:  The  Input  la  "wo  channels  of  analog  data  to  the  correlator. 

This  data  Is  digitized  at  a 5,000,000  sps  rate.  The  output  of  the  cor- 
relator Is  a 400  point  digital  correlation  function  which  becomes  the  In- 
put to  the  FTA. 

Input  data  control  and  processing  controls  are  set  by  pushbuttons 
and  knobs  on  both  ths  correlator  and  spectrum  analyzer. 

Output:  The  Instruments  themselves  contain  no  displays.  Howevar  scopes  and 

strip  chart  recorder  may  be  attached  to  either  Instrument.  Also  x,y 
plotters  are  optional.  The  correlator  also  outputs  tho  correlation  func- 
tion In  a format  suitable  for  the  FTA.  The  correlation  function  or  ocher 
Input  data  to  ths  FTA  may  be  displayed  on  optional  scopes. 

The  output  of  the  FTA  Is  a 1000  point  transform.  This  function  can 
be  In  terms  of  absolute  value  and  phase  or  real  and  imaginary  parts  with 
log  or  linear  scales.  Ths  display  acope  Is  an  optional  Item. 

Language:  The  concept  of  computer  program  language  does  not  apply  to  this 

analyzer. 

Usage:  The  author  la  not  as  specifically  familiar  with  users  of  the  SAICOR 

gear  as  compared  to  ths  others.  However  SAICOR  has  been  producing  this 
and  other  data  processing  equipment  for  some  time  and  presumably  the 
correlator  and  FTA  are  In  regular  use. 

Availability:  The  SAICOR  Correlator  and  Fourier  Transform  Analyzer  are  com- 

mercial products  and  hence  Immediately  available.  Prlcee  begin  about 
$20,000  for  a minimum  system  consisting  of  both  components  and  peripherals. 
For  further  Information  contact:  Honeyvell,  Signal  Analysis  Operation 
(SAICOR),  595  Old  Millets  Path,  Hauppage,  N.Y.  11787,  (516)  234-5700. 

Comments:  The  SAICOR  gear  strikes  the  author  as  not  taking  advantage  of  con- 

temporary computational  techniques.  The  FTA  Is  definitely  an  add-on 
afterthought  type  of  approach.  However,  In  spite  of  this,  fast  compute- 
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tlonal  time*  are  attained  with  highly  parallel  digital  circuitry.  There 
la  a definite  lack  of  flexibility  in  do  'a  analyala  parameter*  relative 
to  other  ayatema.  For  example,  400  laga  and  1000  frequency  pointa  are 
more  or  laaa  fixed.  However,  the  price  la  relatively  low  and  hence  If 
the  parameter*  available  are  adequate  then  the  low  price  can  make  thla 
equipment  attractive.  Theae  two  baaic  analyzer*  muat  be  augmented  with 
dlaplay  equipment  In  order  to  make  them  really  suitable  in  a vibration 
data  analyala  Job. 


EXPECTED  FUTURE  DEVELOPMENTS 


A aubatantlal  evolution  In  shock  and  vibration  test  data  analysis  has  occur- 
red over  the  past  15  years.  Prior  to  1960,  probably  99X  of  auch  analysis  was 
performed  In  lsboratories  with  analog  data  analysis  equipment  such  as  strip 
chart  recorders,  voltmeters,  wave  analyzers,  end  analog  PSD  analyzers.  As  of 
1975  probably  85X  of  such  analysis  Is  accomplished  digitally,  either  on  a 
large  scale  general  purpose  computer  or  on  a dedicated  minicomputer  or  hard- 
wired digital  system. 

The  combination  of  the  FFT  algorithm,  first  widely  noticed  In  1965,  and 
the  continuing  advancement  of  digital  computer  technology  has  been  responsible. 
In  the  past  few  years  It  has  become  possible  to  cloak  a digital  computer  with 
knobs,  switches,  A/D  converters,  scope  dlsplsys  and  the  like  to  make  It  appear 
like  the  analog  lab  devices  of  the  past. 

The  coat  of  digital  computing  continues  to  plummet.  The  peripheral  mass 
storage  devices  auch  aa  tapes  and  disks  are  now  beginning  to  follow  suit, 
along  with  more  flexible  and  less  expenaivs  displays.  Hence,  it  should  be 
possible  to  further  specialize  and  dedicate  digital  devices  to  special  appli- 
cations such  as  shock  and  vibration  test  data  analysis.  The  advantage  of  the 
large  scale  computer  In  terms  of  speed  and  extensive  complements  of  periph- 
eral devices  should  diminish  substantially. 

It  seems  unlikely  that  dramatic  changes  In  software  and  computa- 
tional algorithms  will  occur  In  the  near  future.  Thus  the  changes  will  be  In 
hardware  more  so  than  software.  Since  the  software  Is  a major  part  of  the 
coat  of  all  computer  systems,  the  total  cost  of  data  analysis  ayatema  will 
drop  but  not  as  much  as  pure  hardware  components. 

More  and  more  applications.  Involving  multiple  channels  of  high  frequency 
data  will  become  tractable  to  analysis  because  of  Increases  in  speed  and  capa- 
bility of  the  hardware. 

The  shock  and  vibration  data  analysis  system  of  the  near  future  will 
probably  be  based  on  a small  slza  digital  computer,  but  very  fast  and  with 
very  large  storage  — hundreds  of  thousands  of  words  rather  than  thousands. 

It  will  undoubtedly  have  multichannel  analog  or  digital  input  capability  (al- 
lowing for  the  forthcoming  digital  transducers)  and  have  multi-kilohertz  A/D 
conversion  and  real  time  analysis  bandwidth  capability.  It  should  have  large 
screen  CRT  plot/print  displays  with  hard  copy  attachments.  Much  more  flexible 
Interactive  software  for  display  control  will  be  available.  Undoubtedly,  this 
system  will  have  several  Inexpensive  mass  storage  peripherals  auch  as  floppy 
dlska  or  cassette  type  tapee. 

Since  the  computer  will  be  large  enough  to  support  higher  level  language 
compilers  such  as  FORTRAN  IV,  It  Is  expscted  that  most  new  software  will  be 
coded  In  FORTRAN.  This  should  somewhat  reduce  the  cost  of  the  analysis  soft- 
ware. The  computer  will  undoubtedly  have  a microprogrammable  store  eo  that 
certain  key  algorithms  can  be  Implemented  In  high  spaed  microcode.  This  will 
further  speed  and  almpllfy  certain  types  of  programming. 

In  general,  It  la  expected  that  the  trend  will  be  away  from  tha  large 
scale,  general  purpose,  multi-program  computsr  to  the  smaller  dedicated  sys- 
tem. This  has  the  tremendous  advantsgs  of  doing  away  with  the  tremendous 
system  software  overhead  encountered  in  present  day  large  scale  systems. 

Probably  the  advances  will  not  be  as  great  as  might  otherwise  be  ex- 
pected due  to  the  limitations  and  cost  of  software  development.  There  exist 
no  forseeable  major  breakthroughs  In  this  aspect  of  tha  overall  system. 
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INTRODUCTION 

The  general  topic  of  fluid  structure  interaction  is  indeed  a particularly  broad 
subject  in  that  it  simultaneously  brings  together  all  the  aspects  associated 
with  both  solid  mechanics  and  with  fluid  mechanics.  Each  of  these  two  areas 
are  complex  by  themselves;  however,  when  considered  together,  the  coupling  (or 
interaction)  between  the  fluid  and  solid  response  compounds  the  solution  method- 
ology. For  an  in  vacuo  structure,  the  surface  loading  is  typically  In  the  form 
of  some  known  applied  force.  However,  for  a structure  submerged  in  a fluid, 
the  surface  loading  is  not  known  a priori  but  depends  on  the  surface  motion  of 
the  structure.  The  structure's  surface  motion  is  In  turn  viewed  as  a motion 
type  loading  to  the  fluid  field  equations,  wherein  the  pressure  In  the  fluid 
field,  including  the  Interface  boundary,  are  unknown  functions  of  space  and 
time  that  are  to  be  determined.  The  interaction  process  can  be  viewed  as  a 
feedback  loop  [1]  as  illustrated  In  the  diagram  of  Fig.  1.  The  feedback  loop 
shown  in  Fig.  1 Is  a general  one  In  that  no  assumptions  are  made  regarding  the 
type  of  fluid  employed  or  type  of  structure  being  analyzed. 

A vast  amount  of  theoretical  work  at  all  levels  of  complexity  Is  In  the 
open  literature  in  both  the  area  of  fluid  flow  theory  and  structural  mechanics 
(e.g.  nonlinear  and  linear  theories  alike).  A good  deal  of  this  work  (both 
linear  and  nonlinear)  has  been  Implemented  in  the  form  of  computer  programs, 
particularly  in  tfci  area  of  structural  mechanics.  Computerization  of  the 
combined  problem  of  fluid  structure  Interaction  has  not  received  nearly  as  much 
attention  as  either  problem  taken  separately.  Many  computer  programs  exist  for 
solving  interaction  problems;  unfortunately  however,  more  of  them  are  research 
oriented,  lightly  documented  programs  (refer  to  here  as  ROP)  rather  than  user 

oriented,  heavily  documented  programs  (refer  to  here  as  UOP).  Consequently, 

more  consideration  Is  given  here  to  the  ROP  type  than  might  normally  be  con- 
sidered In  a survey  on  a more  popular  area  like  structural  analysis  programs. 

It  is  the  opinion  of  this  author  that  a well  documented  UOP  that  Is  capable  of 

solving  a particular  class  problem  Is  worth  more  to  a person  with  a specific 

problem  to  solve  than  a more  efficient  ROP  that  can  solve  the  same  problem. 

This  opinion  Is  arrived  at  from  the  following  considerations;  1.  the  man  hours 
of  labor  (and  hence  cost)  required  to  lesrn  how  to  use  (and  install  on  a parti- 
cular computer  system)  a ROP  Is  usually  an  order  of  magnitude  greater  than 
performing  the  same  task  with  a UOP.  Therefore,  from  a cost  point  of  view,  it 
Is  likely  that  the  savings  In  expected  computer  time  usage  of  ROP  can  be  greatly 
exceeded  by  the  man  hour  cost  of  Implementation.  2.  Although  a ROP  might  give 
a mors  accurate  answer  than  the  UOP  for  the  same  discretization  (or  mesh  size) , 
the  UOP  con  often  be  run  at  a finer  discretization  and  still  arrive  at  a suf- 
ficiently accurate  result.  3.  Often  minor  or  major  changes  can  be  mads  In  the 
UOP  coding  to  accommodate  some  special  purpose  (such  as  a change  In  Input/output 
format,  or  the  Introduction  of  some  new  structural  element),  whereas  doing  the 
same  thing  to  a ROP  could  Involve  going  as  far  as  engaging  the  program  author 
under  contract  to  accomplish  a modification.  4.  The  closer  the  ROP  is  to  being 
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a "black  box"  In  terms  of  understanding  the  Inner  workings  of  the  program,  the 
less  confidence  one  tends  to  have  in  its  results. 


Terminology 

The  types  of  fluid  structure  interaction  programs  considered  in  this  survey 
(e.g.  Fig.  2)  can  be  subdivided  into  four  basic  categories;  namely,  1.  physical 
phenomenon,  2.  time  variation,  3.  structure  type,  4.  fluid  region  type.  These 
four  categories  are  further  subdivided  and  explained  in  the  following  more 
detailed  description  below.  The  formation  of  these  categories  will  further 
serve  to  set  up  the  terminology  used  in  defining  the  capabilities  of  the  various 
programs  reviewed  in  this  survey. 


Physical  Phenomena 

Under  this  category  three  types  of  problems  are  considered;  namely, those  of 
scattering,  radiation  and  forced  vibration. 

Scattering.  A structure  submerged  in  a fluid  media  is  subject  to  an  incident 
pressure  disturbance  (e.g.  Fig.  3a). 

Radiation.  A structure  submerged  in  a fluid  is  acted  upon  by  some  forcing 
functions  applied  directly  to  the  structure  (e.g.  Fig.  3b). 


Forced  vibration.  All  other  types  of  fluid  structure  interaction  problems  not 
fitting  the  above  scattering  or  radiation  description  will  be  lumped  into  this 
more  general  category.  In  a broad  sense  even  the  radiation  and  scattering 
definitions  can  be  called  "forced  vibration"  problems,  however,  the  radiation 
and  scattering  problems  are  encountered  so  often  in  this  field  that  they 
deserve  special  treatment. 

One  example  of  a forced  vibration  problem  not  fitting  the  radiation  or 
scattering  category  would  be  a flexible  tank  containing  fluid  with  a free  sur- 
face. The  base  of  the  structure  is  excited  by  some  known  base  acceleration  (e.g. 
Fig.  3b)  that  could,  for  example,  simulate  an  earthquake  input. 


Time  Variation 

Here  the  time  variation  of  the  input  is  cutegorlzed  as  either  transient  or 
harmonic. 

! 

Transient.  The  governing  field  equations  are  treated  as  initial  value  problems 
and  are  driven  by  known  time  history  forcing  functions  in  the  form  of  applied 
force,  preeeure  or  motion  (or  any  combination  thereof)  transients. 


Harmonic.  The  governing  field  equations  are  driven  by  known  harmonic  forcing 
functions  as  in  the  above  case, except  here  the  driving  functions  are  propor- 
tional to  eiwt.  Further,  the  usual  steady  stats  sesisiption  is  made;  namely, 
that  the  input  has  bean  on  for  — <t<+«. 


Structure  Type 

Two  types  of  stiffness  characteristics  sre  considered  for  the  structure 
representation;  namely,  flexible  structures  and  Ideal  structures. 
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Flexible.  The  structure  has  a finite  amount  of  stiffness.  Here  the  full  fluid 
structure  Interaction  loop  Illustrated  In  Fig.  1 is  In  effect. 


Ideal.  In  this  situation  the  stiffness  of  the  structure  Is  so  large,  relative 
to  the  fluid  stiffness,  that  the  structure  can  be  viewed  as  being  perfectly 
rigid  (undeformable) . Tills  shall  be  referred  to  as  a "hard"  structure.  The 
hard  structure  can  be  "fixed  in  space"  in  which  case  the  fluid  structure  Inter- 
action response  depends  only  on  the  surface  shape  of  the  structure  (we  refer  to 
this  as  a hard  Immovable  structure).  Alternatively,  the  structure  can  be  hard, 
but  not  fixed  In  space  (we  refer  to  this  as  a hard  movable  structure),  wherein 
the  solution  response  depends  on  both  the  surface  shape  and  total  mass  of  the 
structure. 

Finally,  one  more  Ideal  structure  Is  one  for  which  the  weight  and  stiff- 
ness are  so  small  that  the  structure  can  be  viewed  as  a weightless  void  (or 
pocket)  In  the  fluid  (we  refer  to  this  as  a soft  structure). 


Fluid  Region  Type 

The  boundedness  of  the  fluid  domain  In  contact  with  the  structure  has  a direct 
bearing  on  solution  methodology;  consequently,  the  categories  of  unbounded, 
bounded, and  partially  bounded  are  established. 

Unbounded . In  this  case,  the  extent  of  the  fluid  around  the  structure  Is  so  vast 
that  for  all  practical  purposes  It  can  be  considered  to  be  Infinite  in  extent. 
This  type  of  fluid  region  la  usually  used  in  conjunction  with  radiation  or 
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scattering  problems  (e.g.  Fig.  3a  and  Fig.  3b) 


Bounded . Here  the  fluid  has  finite  boundaries  in  all  directions  (e.g.  Pig.  3c) 


Partially  Bounded.  This  Is  a combination  of  the  two  above  cases  wherein  part 
of  the  fluid  Is  Infinite  In  extent  In  one  direction  but  bounded  In  another.  A 
mathematical  model  of  a dam  would  be  an  example  In  this  case.  The  water  depth 
la  finite  but  the  fluid  Is  assumed  to  extend  to  Infinity  parallel  to  the  lake 
bottom. 


Scope  of  Survey 


The  scope  of  this  survey  on  fluid  structure  interaction  Is  governed  sure  by  what 
Is  actually  available  than  by  any  planned  selection  procedure.  By  far,  the 
majority  of  the  computer  programs  that  exist  In  this  field  have  been  sponsored 
either  partially  or  totally  by  the  United  States  government  and.  In  particular, 
are  aimed  at  naval  applications.  Consequently,  practically  all  of  the  computer 
codes  employ  an  acoustical  representation  for  the  fluid  field  governed  by  the 
wave  aquation  (3). 


where  p denotes  the  fluid  pressure,  t time  and  c the  speed  of  sound  In  the 
fluid  medium.  The  only  programs  conaldsred  that  employ  a aora  general  fluid 
constitutive  equation  are  the  finite  difference  type  programs  usually  designed 
for  solving  "shock  wave  propagation  In  solids"  type  problems  [2],  [4],  Although 
theoretical  work  exlata  for  nonlinear  fluids  (e.g.  allowing  for  cavitation  (36] 
It  has  not  found  Its  way  Into  any  UOF).  These  programs  era  primarily  designed 
to  solve  stress  waves  through  solids  problems,  however,  their  constitutive  laws 
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are  usually  written  In  a general  enough  fora  ao  that  the  fluid  equatlona  of 
notion  In  contact  with  aone  atructural  component  can  reduce  down  to  Eq.  (1), 
or  for  that  natter,  a nore  general  form  of  Eq.  (1),  aay  the  full  Navler 
Stokes  equatlona. 

The  najorlty  of  the  programs  considered  In  this  survey  are  for  structures 
that  can  be  represented  In  a continuum  by  a set  of  linear  partial  differential 
field  equations  of  the  form 


6(G)  - Fjft,  x8,  us)  + ?A(t,  x) 


(2) 


or  In  the  finite  element  form  by  the  matrix  relations 

+ [C]{U>  + [KJ{U>  - — { Fj ) + {Fa>  (3) 


where  5 Is  a linear  differential  operator,  u la  the  displacement  field  in  the 
structure,  Fj  represents  the  fluid  interaction  forces  applied  to  the  structure, 
PA  represents  all  other  explicitly  known  driving  forces  acting  on  the  structure 
(Including  Incident  wave  loading  if  it  la  prasent),  [M]  Is  the  mass  matrix  of 
the  finite  element  model,  |C]  the  damping  matrix,  [K]  the  stiffness  matrix,  (U) 
the  displacement  matrix,  {F j>  the  column  vector  of  Interaction  forces, and  (FA) 
the  column  vector  of  known  applied  forces.  The  only  attention  given  here  to 
nonlinear  structures  (say  for  nonlinear  operators  D)  la  first  through  the 
application  of  the  finite  difference  shock  wave  In  solids  programs  (e.g.  HEMP, 
PISCES)  referred  to  earlier  [2],  [4]  (l.e.  by  altering  the  media  constitutive 
equation  to  reduce  to  a fluid,  and  by  using  the  appropriate  nonlinear  constitu- 
tive equation  for  the  structure),  and  second,  through  the  application  of 
"mock"  fluid  finite  elements  which  are  adaptable  to  most  any  existing  nonlinear 
dynamic  structurea  code.  It  Is  emphasised  that  the  term  nonlinear  dynamic 
structures  code  refers  to  a computer  program  with  no  explicit  fluid  structure 
Interaction  rigid  format. 

The  finite  difference  class  of  programs  rsferred  to  above  can  solve  all 
of  the  four  solution  categories  given  In  Fig.  2 except  for  the  harmonic  steady 
state  option.  As  a group,  the  chief  disadvantage  of  thla  class  program  la  that 
they  are  not  readily  adaptable  to  solving  fluid  structure  interaction  problems 
Involving  shall-llke  structures.  Another  dlaadvsntage  la  that  the  entire  fluid 
media  must  bn  modeled  as  part  of  the  system  finite  difference  network;  this  la 
In  contrast  to  many  of  the  finite  element  orientated  programs  which  trsat  the 
fluid  media  as  a continuum  and  need  only  model  the  structure  (and  Interfacing 
fluid  boundary)  discretely.  Another  disadvantage  of  theae  finite  difference 
formulations  la  that  they  are  geared  towards  solving  highly  nonlinear  problems 
(In  both  the  klneswtlcs  and  constitutive  laws).  Consequently,  when  employing 
thee  to  solve  completely  linear  fluid  structure  Interaction  problems,  It  appears 
that  the  scheme  of  the  solution  technique  la  performing  a good  deal  of  unneces- 
sary computations  to  allow  for  nonllnesrltles  that  are  not  even  present.  The 
severity  of  this  last  disadvantage  Is  not  clear.  This  author  Is  not  aware  of 
any  benchmark  studies  which  make  a careful  comparison  of  running  times  In 
comparing  finite  difference  codes  of  the  type  referred  to  In  [2],  (4],  with 
finite  element  orientated  fluid  structure  interaction  programs. 

The  details  of  the  finite  difference  programs  have  been  covered  elsewhere 
In  this  book  (4],  consequently,  they  will  not  be  repeated  hers.  With  one 
exception,  the  remaining  portion  of  this  survey  will  be  entirely  devoted  to 
computer  programs  employing  fluid  structure  Interaction  solution  techniques 
other  than  by  the  finite  difference  method. 
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NOMENCLATURE 

c ■ Wave  speed  of  aound 
[C]  ■ Daaplng  matrix 
[E j ■ Material  constant  array 
{ F)  * Force  vector 
[K]  * Stiffness  matrix 
[M j ■ Mass  aatrlx 
p ■ Preaaure 
t • Time 

U|,U2,U3  ■ Continuous  displacement  component 

lU)  ■ Column  vector  of  discrete  displacements 
wj.w2.w3  • Continuous  velocity  components 

{W}  ■ Column  vector  of  dlacreta  velocity  components 
x,y,z  ■ Cartesian  coordinates 
8 ■ Decay  constant 
c • Strains 
X • Last  constant 
|i  * Last  constant 
p * Mass  denalty/unlt  volume 

0 * Stress  or  source  strength  distribution 
u ■ Steady  state  driving  frequency 

(')  ■ Partial  derivative  on  time 
V2  - Laplaclan  operator 
( ) * Column  vector 
[ ] - Matrix 

1 - 


SOLUTION  METHODOLOGY 

Many  different  numerical  solution  techniques  are  used  to  solve  the  various 
problem  types  Illustrated  In  Fig.  2.  The  Intent  of  tha  survey  article  le  aimed 
more  at  presenting  what  le  available  In  terms  of  existing  computer  programs 
than  covering  the  finer  details  of  solution  methodology.  Nevertheless,  It  Is 
felt  that  some  brlaf  outline  of  the  basic  solution  techniques  Is  still  neces- 
sary for  the  sake  of  completenass.  Several  programs  may  employ  the  same 
solution  method,  thus  explanations  of  methodology,  program-by-program  would 
Involve  considerable  duplication.  Instead,  only  the  more  Important  solution 
techniques  are  briefly  explained  hers,  and  cross  ref erances  to  these  techniques 
are  made  In  the  detailed  program  discussions  that  appear  later  in  this  chapter. 


Finite  Element  Structure-Continuum  Fluid 

In  this  category,  the  fluid  field  equations  are  represented  by  Eq.  (1)  and  the 
structure  response  field  equatlona  by  Eq.  (3).  The  method  employed  for  solving 
this  system  of  equations  simultaneously  differs  substantially  depending  on 
whether  one  Is  solving  a transient  or  a harmonic  (steady  state)  type  problem. 


Transient  Methodology  (Time  Integration) 

In  this  approach,  tha  governing  aquations  of  motion  are  Integrated  in  time. 
The  most  often  used  approach  appears  to  be  one  which  gives  an  approxlMte 
relation  between  the  Interaction  force  (Fj)  and  tha  fluid  Interface  motions 
(U,)j  i.e. 


D({Ug>,  (Fj))  - 0 


(4) 


1 

I 
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where  D le  some  linear  differential  operator.  Now,  the  new  system  of  equations 
to  be  solved  simultaneously  Is  Eqs.  (3)  and  (4).  Next,  consider  the  construc- 
tion of  the  system  of  simultaneous  Eqs.  (3)  and  (4)  In  more  detail. 

Surface  Fluid  Structure  Interaction  Approximations.  The  earliest  and  simplest 
form  of  Eq.  (4)  Is  the  plane  wave  approximation  [7].  Here  the  Interaction 
approximation  takes  the  form 

(Ej)  - (AJ {Wg>  (5) 


where  (Ft^  is  the„interactlon  force  vector  normalized1  to  pc2a2,  the  velocity 
vector  (WgJ  - (tig),  Is  normalized  to  the  wave  speed  c,  and  the  diagonal  finite 
element  area  matrix  [A]  Is  normalized  to  a2,  where  p is  the  fluid  mass  density, 
and  a is  some  characteristic  length  factor.  The  continuous  counterpart  of 
Eq.  (S)  la  simply  that  the  fluid  pressure,  p,  at  the  Interface  Is  related  to 
the  normal  velocity  by  p « pcvn.  The  starred  superscripts  denote  nondlmenslonal 
variables.  It  Is  to  be  noted  that  Eq.  (5)  applies  to  finite  elements  of  the 
structure  that  Interact  with  the  fluid.  Eq.  (5)  Is  accurate  only  during  the 
early  time  high  frequency  response.  An  approximation  that  la  valid  at  the 
other  end  of  the  transient,  l.e.  the  latter  times  wh^ch  are  characterized  by 
low  frequency  free  vibration  response,  is  given  by  t e so-cr.iled  virtual  mass 
approximation  [8,  6] 
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where  the  nondlagonal  virtual  mass  matrix  [My]  Is  normalized  to  pa3,  and  may 
be  determined  through  an  analysis  of  Incompressible  fluid  motion  approximate  to 
a distribution  of  elemental  sources  on  the  surface  of  the  structure  [9,  10]. 

The  significance  of  the  [A]  matrix  being  diagonal  and  the  [My]  matrix 
nondlagonal  Is  that  In  Eq.  (5)  the  force  at  a node  1 depends  only  on  the  motion 
at  the  same  node  1;  however,  in  the  case  of  Eq.  (6),  the  force  at  node  1 
depends  on  the  motion  of  other  structure  surface  nodes  aa  well. 

Reference  [6]  extended  the  cylindrical  wave  approximation  of  [11]  Into  a 
three-dimensional  form  known  commonly  today  as  the  doubly  asymptotic  approxi- 
mation and  is  given  by  the  relation 


(W*>  = [A]_1[f*}  + Wyl^fFj) 


where  the  [ ]”  notation  denotes  a matrix  inverse. 

This  approximation  is  accurate  at  the  early  time  (high  frequency)  content 
response  (first  tern  In  Eq.  (7))  and  for  the  slowly  varying  (low  frequency) 
response  (second  term  In  Eq.  (7)).  Transient  fluid  structure  problems  (parti- 
cularly of  the  shock  input  type)  are  usually  characterized  by  a rapidly  applied 
loading  followed  by  mostly  low  frequency  free  vibration  response;  consequently, 
Eq.  (7)  provides  an  Interaction  law  which  has  both  tha  ingredients  of  the  early 
and  late  time  approximations  denoted  by  Eqs.  (5)  and  (6).  Although  other  forms 
of  Eq.  (4)  exist  today  In  tha  open  literature  [12,  13],  It  appears  that  Eq.  (7) 
Is  finding  Its  way  Into  many  of  the  transient  computer  codes  employing  approx- 
imations of  the  type  defined  by  Eq.  (4). 


'The  normalization  of  variables  process  used  here  is  to  keep  the  write- 
up consistent  with  the  major  source  reference  [6]. 
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Governing  Equations  of  System.  At  this  point,  one  might  eay  that  upon  simul- 
taneously solving  Eqs.  (3)  and  (4),  the  problem  Is  viewed  as  completely  defined 
short  of  Integrating  the  equations  of  motion  by  some  numerical  scheme.  However, 
there  are  still  some  additional  details  to  be  explained  before  this  statement 
can  comfortably  be  made.  It  atlll  remains  to  reduce  the  equations  to  a 
tractable  form  for  extracting  the  solution  numerically.  The  following  develop- 
ment closely  follows  [6]. 


For  simplicity,  the  damping  matrix  [C]  will  be  omitted  in  the  following 
development.  The  equations  of  motion  for  a scattering  type  problem  result  In 


the  following  nondlmenslonal  form  of  Eq.  (3) 


[M){U)  + (KHU)  - (Fa)  - {Fj ) 


(8) 


where  (U  ) ■ (ifj  + vjg}  for  surface  elements  only  and  the  applied  force  Is 
given  by  {Fjj}  ■ ( fS } - (F*). 

In  the  Eqs.  (8),  the  nondlmenslonal  dlsplacement^vector  £u)  la  normalized 
to  a,  the  structural  mass  and  the  stiffness  matrices  [M|  and  [K]  are  normalized 
to  pa3  and  pc2a  respectively.  The  net  applied  force  {F^}  la  composed  of  the 
incident  wave  force  vector  (F*}; and  the  externally  applied  driving  forces 
applied  directly  to  the  structure  (should  any  be  present  In  addition  to  the 
incident  wave  loading)  and  are  denoted  by  (f|).  The  external  force  vector 
<Fg)  la  normalized  by  pc2a.  The  Incident  wave  velocity,  (W^),  denotes  the 
prescribed  fluid  particle  velocity  taken  normal  to  the  structures'  surface, and 
is  normalized  to  c.  Here  the  surface  displacement  Is  taken  as  positive  going 
into  the  fluid.  The  Incident  wave  force  vector,  {F*},  Is  given  by  the  relation 


{F^}  - [A]{Pt)  (9) 


where  ( pj } Is  the  pressure  of  the  fluid  action  on  the  structure  surface  and  Is 
normalized  to  pc2. 

The  next  step  is  to  partition  the  N equations  of  motion  into  two  sets; 
the  first  set,  J equations,  pertaining  to  the  structural  elements  In  contact 
with  the  fluid,  and  K equations  (K  ■ N-J)  for  the  remaining  elements  not  In 
contact  with  the  fluid. 

Thus  we  have 
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In  which  the  force  vectors  are  Jxl  and  the  rectangular  matrices  [M]j  and  |K}j 
denoted  by  the  braces  above)  are  of  site  JxN.  Combining  Eqs.  (10),  (7),  and 
the  second  of  Eqs.  (8)  leads  to  tha  third  order  differential  equation. 


(MljfU  *}  + ^(Alj  + lA)lMvf1|M)J^(u'> 

+ (K]j  (U*>  + fA)(Mv]"1fK]J(S)  = + [AHMyl-1  ^{?A)j  + (AKOj) 


where  ( A ] j Is  a JxN  matrix  formed  by  adding  K columns  of  zeros  to  the  JxJ  [A] 
matrix,  l.e. 

(Alj  - | (AJ  | [0)J 
JxN  JxJ  JxK 


Equation  (12)  represents  J equations  with  N unknowns  (l.e.  the  unknown 
structure  displacements,  (0)).  The  remaining  set  of  K equations  can  be  obtained 
from  the  lower  partition  of  matrix  Eq.  (10)  resulting  In  the  relation 

[lfilKJ  J ("*,+[<*1KJ  ! {8}  ■ (?EJK  <l3> 


The  non Interacting  elements  have  no  forces  other  than  the  Kxl  vector,  (Fg), 
wherein  the  (Fi)R  and  {Fj >K  terms  are  zero. 

Equations  (12)  and  (13)  constitute  a set  of  N coupled  linear  ordinary 
differential  equationa  with  N unknowns  (the  variable  <U}).  These  equatlona 
can  be  Integrated  numerically  by  existing  step  by  step  Integration  schemes. 

The  problem  formulation  leading  up  to  Eqa.  (12)  and  (13)  considers  a 
general  scattering  type  problem  where  simultaneously  one  could  have  the  struc- 
ture being  loaded  Internally  (l.e.  the  (Fgl  term)  as  well  as  loaded  by  an 
Incident  wave  (the  (F^Lterm).  A purely  scattering  problem  la  one  for  which 
(|g)  Is  zero  and  only  (|^)  acts;  a purely  radiation  problem  la  one  for  which 
( Fj ) is  zero  and  only  (Eg)  la  present. 

The  procedure  used  to  reduce  system  Eqs.  (3)  anj  (7)  down  to  the  final 
set  of  simultaneous  equations  In  the  unknown  vector  (U)  (Eqa.  (12)  and  (13)) 
can  be  followed  in  a similar  manner  should  some  other  fora  of  the  surface  fluid 
structure  Interaction  (l.e.  Eq.  (A))  be  used  In  place  of  Eq.  (7).  In  general, 
the  higher  the  order  of  the  operator,  D,  In  Eq#  (A),  the  higher  the  order  of 
tha  final  governing  equations  In  the  unknown  (U). 

Up  to  now,  the  solution  technique  described  has  been  based  on  a direct 
approach  to  the  solution  of  the  field  equations.  An  alternatlva  set hod  of 
solution  la  the  modal  approach  wherein  the  structure  response,  (U),  Is  expanded 
In  terms  of  the  structure  free  vibration  modes  (In  vacuo),  thus 


(1*) 

I 

I 
I 

vhare  *b<x)  are  tha  In  vacuo,  und taped  node  shapes  of  the  structure,  and 


M 

(U)  - 2 <},„<*>♦,(*> 

a-1 


’ V :-j  1 


mim si ni'(  runt,  immai  von 


41) 


are  Che  unknown  functions  of  tine  (generalized  displacement)  that  must  be 
determined  for  each  of  the  H modes.  Consideration  of  Eq.  (14)  in  conjunction 
with  Eqa.  (3)  and  (4)  reaults  in  a system  of  differential  equations  for  the 
unknown  time  variation  Q^tt).  In  problems  for  which  there  la  no  fluid  inter- 
action, l.e.  (Fj)  ■ 0 in  Eq.  (3),  the  nodal  approach  is  straightforward,  in 
that  solutions  can  be  obtained  in  terms  of  a set  of  H uncoupled  ordinary  dif- 
ferential equations  for  the  variables  Qn(t).  The  introduction  of  the  (Ff) 
term,  which  is  Itself  a function  of  the  unknown  structure  displacements,  com- 
plicates the  problem,  in  that  for  a general  structure,  the  governing  equations 
for  the  unknowns,  Qm(t),  are  mode  coupled  simultaneous  differential  equations. 

Although  the  modal  approach  has  the  advantage  that  the  number  of  degrees 
of  freedom  Involved  in  the  solution  technique  are  substantially  smaller  than 
the  direct  approach,  the  direct  approach  has  the  advantage  that  1.  the  exten- 
sion of  the  solution  technique  to  situations  where  the  structure  has  certain 
nonlinearities  is  substantially  easier  for  the  direct  approach  (the  dependence 
of  the  modal  approach  on  linear  superposition  must  be  overcome),  2)  in  order 
to  keep  the  modal  solution  scheme  computationally  tractable,  a modal  selection 
(omission)  process  must  be  made  which  is  often  time  consuming  and  dependent  on 
a good  deal  of  physical  intuition  regarding  the  particular  problem  at  hand. 

If  one  can  afford  the  computer  time,  and  the  matrix  size  can  be  handled  by  the 
computer,  one  can  include  all  the  modes  in  the  analysis  without  any  omissions. 


Transient  Methodology  (Frequency  Integration) 

The  time  integration  approach  to  solving  transient  problems  has  the  feature 
that  it  is  readily  adaptable  to  nonlinear  problems.  For  the  class  of  problems 
where  the  system  field  equations  (e.g.  Eqs.  (1)  and  (3))  are  linear,  the 
transient  solution  can  be  constructed  from  the  system  transfer  function  (steady 
state  solution  to  harmonic  inputs). 

Let  (U(f ) >*  be  the  structural  steady  stats  response  (say,  displacement)2 
to  a harmonic  forcing  function  of  the  form  given  later  by  Eq.  (19).  Then  the 
general  time  response  in  Duhamel  integral  fora  can  be  expressed 

(U(t)}  - /tp.(t-T)(0(T))dT  (15) 
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where  (U(t))  is  the  impulse  response  of  the  system  and  is  related  to  the  steady 
state  response  by  the  expression 


<U(T»  -/  {U(f)}0  e2llftdf 


where  f is  related  to  u in  Eq.  (19)  by  f « u/2w.  Note  that  the  standard 
Fourier  transform  pair  of  a general  aperiodic  function  ia  given  by 


Tranaform:  B*(f)  * j B(t)e*2wiftdt 
“ « 

Inverse:  B(t)  - f B*(f)e2* lftdf 


(16) 


2 The  desired  response  does  not  necessarily  have  to  be  displacement,  rather 
it  could  be  velocity,  stress  In  the  structure  or  pressure  in  the  fluid. 
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It  can  be  shown  formally  that  upon  taking  the  transform  of  Eq.  (15),  and 
employing  the  transform  pair,  Eqs.  (16);  that 


<U(f))‘  - pj(f){5(f))* 


where  the  variables  with  frequency  agruments  denote  the  transformed  variables 
(superscript  o).  The  corresponding  time  synthesis  of  Eq.  (17)  can  be  con- 
structed for  (U(t)},  namely 


/ pj(f){0(f))*e2,rlftdf 


The  calculation  of  the  steady  state  response  (U(f)}*  is  covered  In  detail 
In  the  next  subsection.  For  simple  analytic  input  wave  forma,  pj(f)  can  easily 
be  determined  analytically  through  application  of  the  first  of  Eqs.  (16).  For 
input  waves  that  are  not  simple  analytical  forms  (e.g.  an  earthquake  record) 
then  pj(f)  must  be  determined  numerically. 

One  approach  to  evaluating  the  Improper  Integral  defined  by  Eq.  (18),  Is 
to  employ  some  direct  quadature  evaluation,  say,  Simpson's  rule.  This,  how- 
ever, could  be  costly  computationally  since  the  complete  Integral  must  be 
evaluated  repeatedly  for  each  time  sampling  of  the  desired  response  and  for 
each  desired  component  of  the  response  vector. 

A far  Swire  efficient  procedure  for  evaluating  Eq.  (18)  Is  by  the  Fast 
Fourier  Transform  (FFT)  technique  (221 • The  FFT  la  in  principal  equivalent  to 
the  finite  Fourier  transform, and  computationally  speaking, Is  simply  a more 
efficient  algorithymn  for  evaluating  the  finite  Fourier  transform.  Reference 
[23]  has  adopted  the  FFT  approach  to  evaluate  convolution  Integrals  of  the  form 
of  Eq.  (15)  through  the  Inversion  of  a harmonic  synthesized  Integral  like 
Eq.  (18).  Applications  of  the  FFT  are  primarily  used  in  the  area  of  signal 
processing,  however.  It  Is  steadily  being  employed  In  the  area  of  ahock  and 
vibration.  For  example,  (241  has  employed  the  method  for  the  Bolvlng  of 
Integral  equations  In  the  reverse  direction  (l.e.  being  given  the  output  wave 
form,  (U(t)),  the  Input  wave  form,  pj(t),  Is  to  be  determined)  and  (21)  has 
applied  the  FFT  in  the  forward  direction  (l.e.  given  pj(t),  compute  (U(t))). 

As  an  Illustration  of  the  technique,  consider  the  fluid  structure  Interaction 
problem  of  finding  the  pressure  time  response  In  the  center  of  a fluid  filled 
spherical  cavity  Imbedded  In  an  Infinite  elastic  medium  subject  to  a plane 
dllatatlonal  step  wave  Input.  The  exact  elasticity  pressure  transient  response 
solution  has  been  presented  In  [24]  where  it  Is  compared  to  the  solution  to 
the  same  problem  which  uses  FFT  techniques  to  convert  the  exact  steady  state 
solution  Into  the  corresponding  time  history  solution  (l.e.  the  forvard  solution 
of  Eq.  (15))  with  pressure  rather  than  displacement  as  the  response  quantity 
being  monitored.  The  comparison  of  solutions  is  shown  In  Fig.  (4)  where  the 
presaure  has  been  normalized  to  the  static  solution,  Aq,  the  time  variable 
TAU  la  time  normalized  to  a cavity  radius  transit  time  (A  Is  the  cavity 
radius  and  CD1  the  dllatatlonal  wave  speed  In  the  solid  elastic  modlum,  T Is 
time).  The  problem  parameters  are  listed  on  the  graph  where  p * eolid-to- 
fluld  mass  density  ratio,  c * eolld-to-f luld  dllatatlonal  wave  speed  ratio, 
vi  « Poisson's  ratio  of  the  solid,  N • number  FFT  sampling  points,  F • FFT 
frequency  sampling  range  normalized  to  A/CD1.  The  computational  time  for  the 
FFT  solution  In  Fig.  4 was  on  the  order  of  one  minute  for  execution  on  an  1108 
computer.  The  exact  solution  Is  the  result  of  truncating  an  analytical  series 
solution  after  the  first  20  terms.  The  comparison  between  the  exact  and  FFT 
solution  Is  very  good.  As  can  be  seen,  the  FFT  solution  forms  a very  sharp 
step  wave  front  with  very  little  overahoot.  Similarly,  good  results  were 
obtained  using  substantially  fewer  frequency  sampling  points.  This  le 
Important  when  one  reellzea  that  if  the  steady  state  aolutlon  is  being  gener- 


'r  ‘ •'  '-V 


■mt. 


. v .< 


ip  /, 


418 


SHOCK  ASI>  MHKAUHN  COM I'VI IK  PROORAMS 


ated  numerically  by  Che  techniques  discussed  In  the  next  section,  the  solution 
process  must  be  repeated  for  each  frequency  argument  in  the  numerical  evalua- 
tion Eq.  (18).  When  employing  the  EFT  technique  In  evaluating  Eq.  (18),  care 
must  be  taken  not  to  blindly  apply  the  FFT  Inversion  algorlthmn.  There  are 
certain  pitfalls  Involved  with  employing  the  method  such  as  the  periodic  "wrap 
around"  errors  Introduced  through  the  finite  Fourier  transform  replacing  the 
Infinite  Fourier  transform,  "aliasing  errors"  Introduced  by  sampling  the  steady 
state  solution  at  too  coarse  a frequency  Interval  and  finally,  "leakage  errors" 
Introduced  by  the  truncation  of  the  time  history.  A detailed  discussion  of 
these  pitfalls  and  how  they  may  be  overcome  is  given  In  [25].  These  errors 
are  not  Introduced  by  the  mechanics  of  the  FFT  algorlthmn  but  are  an  outgrowth 
of  applying  finite  Fourier  transforms  to  problems  that,  strictly  speaking, 
demand  the  use  of  Infinite  Fourier  transforms  for  a periodic  time  function. 

As  a final  note  regarding  this  method,  it  Is  pointed  out  that  the  flexi- 
bility of  the  structure  appreciably  Influences  the  form  of  the  steady  state 
response,  (U(f))*,  for  driving  frequencies  up  to  some  limiting  frequency  fD. 

For  f > fm , the  response  of  the  structure  behaves,  for  all  practical  purposes, 
the  same  as  a rigid  movable_atructure.  Thus,  the  (U(f))  need  only  be  computed 
for  values  of  fff  , since  (U(f)}  « o for  f>fn.  In  cases  where  the  variable 
(U(f)}  denotes,  say,  pressure  In  the  fluid  rather  than  structural  displacement 
as  explained  above,  then  (U(f)F  will  approach  a high  frequency  limit  which  la 
predictable  from  a simple  model  that  conaidera  the  structure  to  be  perfectly 
rigid. 


Steady  State  Methodology  (Unbounded  Fluid  Region) 


In  thla  class  of  problem  one  considers  a structure  which  Is  totally  submerged 
and  surrounded  by  an  Infinite  fluid  domain.  The  fact  that  the  fluid  domain 
Is  unbounded  allows  one  to  take  advantage  of  certain  Integral  theorems  In 
acoustic  theory  which  relate  the  notion  (normal  velocity)  at  the  fluid  structure 
Interface  to  the  Interface  pressure. 

For  harmonic  steady  state  problems,  the  problem  loading  (or  driving  term), 
(Fa),  in  Eq.  (3)  is  of  the  form 


<Fa>' 


+iwt 


(19) 


Accordingly,  t^t  complex  frequency  response  ti«e  variation  will  also  be  pro- 
portional to  e*  , thus 


(U>  - (U)*e+lwt,  (Fj) 


{FjJ'a 


+i(vt 


(20) 


where  u is  the  driving  frequency,  { FA ) * , the  amplitude  of  the  applied  driving 
forces  and  (U)#  the  amplitude  of  the  displacement  response  and  (Ft)*  Is  the 
amplitude  of  the  Interaction  force.  Generally,  (U)*  le  complex  and  Is  a func- 
tion of  u.  Some  authors  prefer  to  drive  the  systen  with  a -lut  exponent  on  e 
In  Eq.  (19).  Regardless  of  which  choice  la  made,  one  can  always  convert  one 
solution  to  another  by  replacing  u with  -w. 

As  In  the  case  of  the  transient  problem,  here,  too,  all  the  methods  share 
the  requirement  that  a relation  between  the  interaction  force  amplitude  { Fj > * , 
and  fluid  interface  motions  { Ug ) * Is  required  In  order  to  tie  together  the 
solution  of  the  structure's  field  equations  (3)  to  the  solution  of  the  wave 
equation  (1).  Such  a relation  ie  denoted  by  the  functional  fora 


F((08)*,  (Fj)*)  - 0 (21) 
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where  here  F 1*  a function  operator  denoting  a relationship  which  relates  the 
two  arguaents.  This  la  In  contrast  to  the  transient  approach  where  the  counter- 
part of  Eq.  (21)  (l.e.  Eq.  (4))  had  a linear  differential  operator  in  place  of 
F. 


Fluid  Structure  Interaction  Approximation*  (Helmholtz  Method).  In  the  solution 
techniques  to  be  discussed  In  this  subsection,  the  only  approximations  used 
are  those  Involved  with  < everting  the  continuous  pressure  distribution 
existing  at  the  fluid  structure  interface  into  a set  of  discrete  nodal  forces, 
(Fj)*,  applied  to  the  structure  surface  nodal  points. 

The  most  popular  way  to  arrive  at  Eq.  (21)  appears  to  be  derived  from  the 
Helmholtz  Integral  equation  [IS]  where  for  any  point,  x,  on  the  closed  surface, 
S,  which  Interface*  with  the  fluid,  the  total  pressure  p(x)  on  the  surface  Is 
related  to  the  normal  velocity,  w,  on  the  surface  by  the  integral  relation 


p(x)  - p^x)  - P(y)~H^p-  dS(y)  + 2iwp  J w(y)G(x,y)dS(y)  (22) 


where  y la  a dummy  variable  for  any  position  It  S,  p the  mast,  density  of  the 
fluid  and  G la  the  free  space  Green's  function  given  by 


C(x,y) 


exp(-lw|x-y|/c) 


(23) 


The  development  to  follow  In  this  subsection  on  harmonic  analysis  follows 
reference  [17]  (modified  for  incident  pressure  by  the  method  given  in  [16])  for 
the  first  part  of  this  subsection  on  s direct  solution  to  the  problem  and 
follows  reference  [14]  for  the  modal  solution  to  th£  problem. 

The  partial  derivative  of  G with  respect  to  n(y)  denoteii  the  rate_of 
change  of  G In  the  direction  normal  to  the  surface  at  point  y,  and  |x-y|  denotes 
the  distance  between  the  x and  y points. 

The  next  step  Is  to  obtain  a discrete  version  of  Eq.  (22)  which  Is  accom- 
plished by  representing  the  surface  pressure  snd  normal  velocity  In  terms  of 
a linear  combination  of  scalar  basis  functions  defined  In  [17]. 


P(x) 

w(x) 


Vn<;> 

Vn(5) 


(24) 


where  N denotes  the  number  of  surface  grid  points  In  contact  with  the  fluid. 
For  example,  [14]  has  used  a cubic  spaclal  distribution  consistent  with  the 
finite  element  displacement  fields  for  the  neighboring  structural  elements. 
This  Is  In  contrast  to  [18]  which  employs  a piecewise  constant  distribution 
of  pressure  over  the  Interface  zones  of  the  structure.  Employing  a higher 
order  basis  function  has  the  advantage  that  ths  same  solution  accuracy  can  be 
achieved  with  a coaraar  interface  mash.  This  fact  ultimately  results  In  a 
computer  program  that  should  run  mors  efficiently  when  employing  ths  higher 
order  distribution  basis  functions. 
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Upon  substituting  Eqs^  (24)  into  Eq.  (22)  and  evaluating  Eq.  (22)  over 
a discrete  set  of  points  (xj,  J * 1,  2,  J)  corresponding  to  the  fluid  structure 
Interface  node  points,  one  obtains 


[L]{P)  • [RHW1)  + (P1) 


(25) 


m 

m 

M 

m 

'i 


where  [L]  and  [R]  are  JxJ  matrices  and  {P*}  la  a known  Jx!_  column  vector, 
and  (P)  la  a column  vector  of  discrete  pressure  values  p(x);  these  matrices 
result  from  the  evaluation  of  Eq.  (22). 

Assuming  for  the  moment  that  the  driving  frequency,  u,  is  not  at  (or  very 
near)  certain  characteristic  wave  numbers  of  the  fluid  field  enclosing  the 
structure,  Eq.  (25)  can  be  solved  for  { P } , thus 

(P)  - (Z(i»)  ] (W)  + [L)'1{Pi) 

where  [Z(u>))  = [L]  *[R] . 

where 

Reference  [19]  has  presented  a method  for  arriving  at  Eq.  (26)  even  in 
situations  where  u is  at  or  near  one  of  the  characteristic  cavity  resonance 
frequencies3.  Briefly  stated,  the  improved  method  consists  of  determining  the 
unique  surface  pressure,  p(x),  that  simultaneously  satisfied  the  surface 
Helmholtz  Integral  Eq.  (22)  and  the  interior  Helmholtz  integral  [20],  The 
interior  Helmholtz  integral  is  a relation  similar  to  the  form  of  Eq.  (22) 
except  it  relates  the  fact  that  the  fluid  pressure  for  all  points  in  the 
region  of  space  occupied  by  the  structure  Is  zero.  Enforcing  this  Interior 
Helmholtz  Integral  over  a judiciously  selected  set  of  M interior  points  leads 
to  a matrix  analogous  to  Eq.  (25)  in  the  form 


IL’HP)  • IR’HW)  (27) 


Thus,  Eqs.  (25)  and  (27)  result  in  a set  of  (J+M)  equations  for  the  J unknowns 
(P).  Solving  the  overdetermined  set  of  equations  specified  by  Eqs.  (25)  and 
(27)  In  a least  square  sense  leads  to  an  equation  In  the  same  form  as  Eq.  (26) 
except  that  Z(u)  Is  determined  in  a more  Involved  manner. 

Next  by  employing  the  principal  of  virtual  work,  the  total  surface 
pressures  can  be  related  to  a set  of  consistent  Interaction  nodal  forces,  (F), 
thus 

W • [CXHP>  (28) 


For  harmonic  steady  state  problems,  the  continuous  velocity  and  displacement 
amplitudes  are  related  by  w(t)  * liiiu(t).  Making  use  of  this  relation  In  con- 
junction with  the  surface  geometry  relating  normal  components  of  motion  Into 
the  Cartesian  components  employed  In  Eq.  (3)  results  in  the  expression 

I 

(W)  • lu[S](U)  (”) 
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Thus  combining  Eqi.  (28),  (26)  and  (29) 

(F)  - (T) (U)  + 

where  (T]  5 luIC1)  [Z]  (S)  la  typically  a 
the  Interaction  forcea  to  the  boundary  dlaplacement  field. 

For  ateady  state  harmonic  motion,  all  reaponse  qualitlea  are  proportional 
to  exp(+lut).  The  corresponding  equation  of  motion  for  the  structure  (Eq.  (3)) 
becomes 


|V[M]  + lu[C]  + [1C])  (0)*  - -(F)*  + (Fe>* 


lead,  to 


lCIHtl"l(F1) 


(30) 


fully  populated  matrix  that  relatea 


where  haa  been  canceled  out  on  both  aides  of  the  equation  and  the  forcing 
terma  have  been  regrouped  as  (F)  - { Fj } 4-  (Fj)  where  (Fg)  denotes  all  driving 
terms  on  the  structure  (except  for  the  Incident  fluid  pressure  term).  Thus, 
substituting  Eq.  (30)  Into  Eq.  (31)  results  In  the  relation 


IV] {0}*  - (fa)* 


(32) 


where  [V]  S -u2[M]  + lw[C]  + [K]  + [T]  and  {Fg}*  - ,/g)*  - [C^ I [L]~l { Pi> 

It  la  to  be  noted  that  Eq.  (31)  contains  matrices  that  are  the  slse  of 
the  entire  structure  whereas  the  matrix  site  In  Eq.  (30)  Is  only  a slaa  cor- 
responding to  the  nodes  in  contact  with  the  fluid.  Thus,  when  substituting 
Eq.  (30)  Into  Eq.  (31),  allowances  must  be  made  in  filling  out  tha  [T]  and 
product  matrix  [CI][L]~I  with  xaroa  in  tha  appropriate  place  to  account  for 
the  matrix  slaa  mlaaiatch. 

Formally  one  may  now  state  the  solution  to  tha  interaction  problem  as 
finding  the  inverse  of  the  highly  populated  [V]  matrix.  Thus, 


(U)*  - IVJ'1{FA>* 


(33) 


Once  (U)*  is  determined  all  other  response  quantities  can  be  routinely  computed. 
Substituting  the  solution  (U)*  into  Eq.  (2d)  and  Eq.  (29)  and  then  Eq.  (29) 

Into  Eq.  (26)  provides  the  total  pressure,  (F),  at  tha  interface.  Then  sub- 
stituting the  surface  pressure  and  surface  velocity  Into  the  exterior  form  of 
tha  Halmholtx  integral,  [16],  the  pressure  In  any  far  field  point  in  the  media 
can  easily  be  computed.  Pramultlplying  the  surface  motion,  (U)*,  by  the 
individual  (unaaaemblad)  stiffness  matrix  for  each  element  produces  the  indi- 
vidual structural  nodal  forces  which  in  : urn  can  be  converted  to  element 
stresses. 

For  large  alts  problems,  the  nonsymmetry  and  highly  populated  form  of  the 
complex  [V]  matrix  makes  its  inversion  somewhat  of  a problem  when  [V]  is  large. 
In  some  situations,  [V]  is  ill-conditioned  for  certain  frequency  ranges  due  to 
the  presence  of  large  sice  [K]  terms  in  the  [V]  expression  in  comparison  to 
the  rest  of  the  terms  comprising  [V],  To  get  around  these  problems,  an  alter- 
nate modal  analysis  approach  is  some  times  taken  [16,  21]. 

For  the  modal  approach,  let  (+]  be  the  NxM  matrix  of  M undamped,  in  vacuo 
nodes  of  the  structural  vibrations  having  N degrees  of  freedom,  thus 
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where  (4B(x))  Is  Che  mth  node  coluan  vector  which  le  normalized  to  th  MxM  unit  ' 
Identity  netrlx  [I]  such  thst 

(♦]T[M1U1  - [X]  (35) 


The  nodes  [4]  have  the  property  that 

(♦1T[K)U1  - Ul  (37) 


where  (XJ  is  a MxM  diagonal  eigenvalue  matrix  whose  non-zaro  eleaents  are  the 
squares  of  the  natural  frequencies  (rad/aec)  of  tha  structure.  The  displace- 
ment field  can  be  expressed  in  terns  of  tha  nodes  by  the  relation 


W ■ (♦HQ)*  (38) 

which  is  simply  Eq.  (14)  in  matrix  for*  with  e*ut  factored  out.  Next,  upon 
substituting  Eq.  (38)  into  Eq.  (32)  and  praawltlplylng  the  result  by  [4]*  one 
obtains 


14]T[VH4K<1>*  " MT<y 


which  can  be  rewritten  in  short  notation  as 

[VHQ>*  - trG)* 


(39) 

i 

1 

] 

(40) 


where 

[V]  = -u2[I]  + (XJ  + [4JT(iw[C)  ♦ (Tl)  [4] 

and 

5 mT(y 

Generally  th*  MxM  [V]  netrlx  is  complex,  nonsynnetrlc  and  only  under  special 
situations  [1]  is  tha  [V]  matrix  fully  diagonal  (note  only  th*  flret  two  con- 
tributions to  Eq.  (41)  are  diagonal).  When  [V]  is  fully  diagonal.  Its  inver- 
sion is  trivial,  however,  tha  general  case  must  usually  b*  considered  where 
on*  is  faced  with  th*  Inversion  of  th*  [V]  matrix  in  order  to  solve  th* 
system  of  equations  defined  by  Eq.  (40).  Formally  than,  th*  eolation  to  th* 
fluid  structure  Interaction  problem  can  be  written  as 


(Q)*  - [?J’l<rcr 


where  we  have  traded  having  to  Invert  a KxK  [V]  matrix  In  the  direct  approach 
for  having  to  Invert  a MxM  [V]  matrix  In  tha  modal  approach.  Strictly  speaking, 
there  Is  on*  node  shape  for  each  degree  of  freedom,  consequently  If  M is  set 
equal  to  N,  on*  Is  right  back  where  on*  started  In  being  faced  with  th*  in- 


(41) 

j 

(42) 
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version  of  a NxN  complex  matrix.  However,  one  can  usually  Judiciously  relate 
the  important  nodes  of  vibrations  baaed  on  certain  symmetries  of  loading  or 
based  on  the  customary  omission  of  tha  higher  tu>des  of  vibration.  After  the 
selection  process,  one  is  uaually  left  with  a [V]  matrix  that  la  substantially 
smaller  In  site  than  the  original  (V)  matrix  encountered  in  the  direct  approach. 

Fluid  structure  Interaction  approximations  (source  method).  So  far,  the 
development  of  steady  state  methodology  of  unbounded  fluid  regions  has  been 
based  on  the  Helmholtz  Integral  equation.  Another  approach  that  la  often  used 
is  the  simple  source  formulation  [28-32].  For  simplicity,  wa  consider  a 
radiation  problem  only;  the  reader  la  referred  to  [29]  for  an  extanslon  of  the 
source  method  to  Include  scattering.  The  atartlng  point  of  this  method  la  to 
represent  the  pressure  In  the  fluid  region  surrounding  the  structure  by  the 
expression 


p(x)  - lwr*»  / 

ys 


o(y)G(x,y)dS(y) 


where  o(y)_iii  the  source  density  function  and  G(x,y)  la  given  by  Eq^  (23). 

The  tern  |x-y|  la  the  distance  between  a point  In  the  fluid  media,  xcR,  and  a 
point  on  the  fluid  structure  Interface  yeS.  Proparly  amploylng  tha  boundary 
condition  that  the  normal  gradient  of  pressure  la  equal  to  -iup  times  the 
normal_veloclty  at  any  point  ycS  leads  to  the  folloikng  integral  equation  for 
point  xeS 


w(x)  • 2xo (x) 


Note  that_here  tha  gradlant  on  G la  with  respect  to  the  normal  with  a live 
variable  x as  oppoaed  to  the  Helmholtz  surface  Integral,  Eq.  (22),  where  the 
gradient  la  on  the  normal  with  dummy  Index  y.  The  surface  Integral  in  Eq.  (45) 
la  Improper  and  la  evaluated  as 


L/y) . 

rW  8n(S) 
S-As 


where  As  surrounds  the  point  xeS. 

An  approximate  representation  of  Eq.  (45)  Is  often  obtained  by  subdividing 
the  surface  Into  N subdivisions  over  each  of  which  the  source  penalty  Is 
assumed  £o  be  constant.  By  allowing  x In  Eq.  (45)  to  taka  an  ((.different 
values,  xeS,  (each  of  which  Is  a refarence  point  on  one  of  the  N subdivisions) 
Eq.  (45)  can  be  written  In  matrix  form  by  the  following  set  of  linear  algebraic 
aquations 

[A]{o>  - (W) 


where  [A]_le  e known  ftxR  matrix  resulting  from  the  evaluation  of  Eq.  (45), 
(o)ls  an  Sxl  column  vector  of  unknown  constant  source  values,  and  (tf)  is  a 
Nil  column  vector  of  normal  surface  velocities.  Solving  Eq.  (46)  for  (o) 


-r frr 
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(a)  - tA]‘l(W) 


(47) 


and  substituting  Eq.  (47)  Into  a discretized  version  of  Eq.  (44)  evaluated 
for  x c S leads  to  the  result 


'P)  - [Z(u) )(U) 


(48) 


where  (P)  is  a column  vector  of  discretized  pressures,  and  [2(u)]  la  a known 
matrix  resulting  from  the  discrete  evaluation  of  Eq.  (44).  Por  scattering 
problems  the  development  Is  very  similar  except  that  a known  additional  term 
(resulting  from  the  Incident  pressure)  Is  added  to  the  right  of  Eq.  (48).  In 
comparing  Eq.  (26)  to  Eq.  (48),  one  notes  that  fromthls  point  on,  the  procedure 
required  to  convert  the  surface  pressure-surface  velocity  relationship  given 
by  Eq.  (48)  Into  the  final  matrix  equation  relating  surface  displacements  to 
aurface  nodal  forces  (Eq.  (33)  or  Eq.  (43))  would  follow  In  a similar  manner, 
hence.  It  will  not  be  repeated  here.  As  pointed  out  In  (19]  and  [24],  the 
source  method  falls  to  have  a solution  (except  for  certain  special  velocity 
distributions)  when  the  driving  frequency  u Is  at  or  near  one  of  the  character- 
istic wave  numbers  of  the  fluid  region  alone.  One  might  be  fortunate  In  that 
the  driving  frequencies  of  Interest  lie  In  between  the  forbidden  frequencies, 
however,  the  likelihood  of  being  near  one  of  the  characteristic  values  gets 
greater  with  higher  driving  frequencies  where  the  spacing  between  forbidden 
frequencies  becomes  very  tight.  The  advantage  of  using  the  Helmholtz  Integral 
formulation  over  the  source  method  lies  In  the  fact  that  at  least  for  the 
former  method,  a procedure  exists,  as  discussed  In  the  previous  section,  for 
eliminating  the  problem. 


Steady  State  Methodology  (Partially  Bounded  Region) 

When  the  structure  is  completely  surrounded  by  sn  unbounded  fluid  In  all  direc- 
tions, the  applicstlon  of  either  the  Helmholtz  Integral  method  or  the  source 
distribution  method  covered  In  the  previous  section  can  be  used  to  solve  the 
fluid  structure  Interaction  problem  without  having  to  model  the  fluid  region 
with  finite  elements.  Whan  only  part  of  the  region  is  unbounded,  an  alternate 
approach  must  be  taken.  A good  example  of  encountering  this  situation  la  the 
problem  of  finding  the  fluid  structure  Interaction  at  a dam  Interface  during 
an  earthquake  situation.  The  fluid  region  can  be  considered,  for  all  practical 
purposes,  as  being  Infinite  In  the  horizontal  direction  but  finite  In  the  verti- 
cal direction. 

The  method  starts  with  the  basic  structural  equation  (31)  In  steady  state 
form,  however,  a different  means  must  be  applied  for  relating  the  total  Inter- 
action nodal  forces  (P)*  with  the  nodal  displacement,  l.e.  the  counterpart  of 
Eq.  (30)  In  the  earlier  bounded  region  development  must  be  found.  Por  Illustra- 
tive purposee,  consider  the  interaction  problem  Involved  In  a dam  problem  where 
the  part  of  the  dam  Is  excited  with  a unit  horizontal  acceleration  of  the  form 
Is""  . The  following  development  is  taken  from  [21].  Employing  a modal 
solution  of  the  type  considered  In  the  previous  ssctlon  allows  one  to  express,  > 

with  the  aid  of  Eq,  (38),  the  absolute  horizontal  acceleration  of  the  upstream 
dam  face  (the  fluid-solid  Interface)  In  the  form 


(U<t))  - (1)  + [♦](Q)*)ei"t  <*«) 


where  we  are  using  the  same  notation  as  described  in  the  previous  modal 
analysis  section.  Por  the  purpose  of  obtaining  an  analytical  solution  for  the 
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field  equations,  one  temporarily  rewrites  Eq.  (49)  in  its  continuous  counter- 
part, namely 


u(o.y.t)  - (1  + £♦  (yMQ)*)*1"1  (50) 

in  re 


where  the  continuous  arguments  of  the  horizontal  fluid  field  displacement  are 
u(x,y,t)  where  x and  y denote  a right-handed  Cartesian  coordinate  system 
centered  at  the  base  upstream  corner  of  the  dam  (all  the  fluid  is  located  to 
the  left  of  the  vertical  y axla) . For  a dam  (with  a straight  fluid  structure 
Interface),  the  boundary  conditions  for  the  Eq.  (1)  (in  2D)  are 


-j—  (*.o,t)  - 0 
p(x,H,t)  • 0 
M 

-j*-  (O.y.t)  - -M(l  +£*B(yMQ};>e1“t 

m-1 


(51) 


where  H 1j  the  mass  of  the  dam,  and  H is  the  height  of  the  dam.  The  first 
boundary  condition  states  that  the  vertical  fluid  motion  at  the  Interface  is 
zero,  the  second  states  that  the  surface  fluid  pressure  la  zero  and  the  third 
that  the  horizontal  notion  of  the  dam  is  equal  to  the  horizontal  motion  of  the 
fluid.  The  solution  to  this  problem  has  been  obtained  exactly  which  we  denote 
as  p(x,y,u).  Next,  by  evaluating  p(x,y,u)  at  i • 0,  and  converting  It  into 
equivalent  nodal  forces  (analogous  to  Eq.  (28))  one  arrives  at  the  relation 


(F>  - (IT)(Q)*  + (B))elwt 


(52) 


where  the  [T]  and  (B)  matrices  are  known  arrays.  Finally,  aubstltutlng  the 
coefficient  of  in  Eq.  (52)  into  the  expression  for  (F)  in  Eq.  (31), 
substituting  Eq.  (38)  into  Eq.  (31)  and  multiplying  the  resulting  equation 
by  (tl7  results  in  an  expresalon  for  the  unknown  (Q)°  of  the  form 


[VJ(Q}*  - (Fc>* 

where  (V]  - -w2[IJ  + [1]  + (♦)T(lw(Cl  + [T J)  and  {F„}* 

U 


(53) 

[♦JT((Fe}*  - (BJ) 


Upon  inverting  the  [0]  matrix  in  Eq.  (S3)  to  find  the  generalized  dla- 
placement  (Q) * , one  can  consider  the  problem  as  being  solved. 

The  procedure  described  above  depended  upon  solving  the  field  equations 
for  the  fluid  exactly.  In  altuatlons  where  the  fluid-solid  Interface  does 
not  have  nice  mathematically  convenient  geometries  (e.g.  planes,  cylinders, 
spheres)  one  may  not  be  able  to  obtain  an  exact  solution.  It  appaars  that  one 
should  be  able  to  solve  the  fluid  field  equations  by  a numerical  technique  to 
obtain  the  surface  pressure  response  In  terns  of  tha  surface  motion.  Upon 
doing  this,  ona  would  proceed  in  a similar  manner  as  described  above  and 
strive  to  obtain  a relation  like  Eq.  (52).  Development  of  the  final  matrix 
simultaneous  aquations  for  the  unknown  (Q>*  would  follow  In  exactly  the  same 
manner  once  Eq.  (52)  Is  defined. 
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Finite  Element  Structure-Finite  Element  Fluid 

With  this  method,  both  the  fluid  and  the  structure  are  represented  with  finite 
elements.  The  general  area  Is  broken  up  Into  two  types  of  solutions,  the  first 
of  which  employs  displacements  In  the  structure  and  pressure  In  the  fluid  as 
the  set  of  unknowns  In  the  problem  formulation.  The  second  solution  technique 
employs  displacements  In  both  the  structure  and  fluid  as  the  unknowns  In  the 
problem  formulation.  The  finite  element  structure-finite  element  fluid 
approach  to  solving  problems  Is  readily  adaptable  to  both  steady  state  or  trans- 
ient type  problems.  For  problems  having  finite  fluid  boundaries  (e.g.  Fig.  3c), 
application  of  the  proper  boundary  conditions  at  the  finite  fluid  boundaries 
Is  straightforward.  However,  for  problems  involving  unbounded  fluid  dosialns, 
one  Is  faced  with  having  to  make  a mathematical  cut  in  the  fluid  domain  at 
some  finite  distance  surrounding  the  structure  since,  of  course,  one  cannot 
handle  an  Infinite  number  of  fluid  elements.  By  enforcing  the  appropriate 
boundary  condition  at  the  mathematical  cut,  the  Infinite  domain  can  usually  be 
handled.  This  point  Is  covered  In  detail  later  in  this  section. 


Pressure  Finite  Elements 

The  finite  element  description  of  the  structure  Is  again  provided  by  Eq.  (3) 
where  the  unknown  boundary  Interaction  force,  {Eg),  Is  to  be  determined.  The 
next  major  task  Is  to  obtain  another  set  of  equations  Involving  { P j } such  that 
when  they  are  considered  In  conjunction  with  Eq.  (3),  a balanced  set  of  simul- 
taneous differential  equations  can  be  developed. 


Transient  methodology.  The  missing  equation  needed  to  complement  Eq.  (3)  can 
be  derived  from  the  wave  equation  (1).  Upon  subdividing  the  fluid  region  Into 
a set  of  finite  element  regions  and  applying  the  standard  methodology  for 
reducing  a continuous  partial  differential  equation  Into  discrete  finite 
element  form  (e.g.  see  (34,  35]),  one  esslly  arrives  at  the  discrete  form  of 
Eq.  (1),  namely 

(H*](P)  + ( G* ] { P } + (f)  - 0 (54) 


where  ( H* ] and  (C*]  are  matrices  resulting  from  applying  the  usual  finite 
element  procedure  (they  are  functions  of  the  fluid  topology  and  the  fluid 
dllatatlonal  wave  speed  c)  and  the  forcing  function  vector  (f)  does  not  con- 
tain any  contribution  from  volume  Integrals  (as  In  the  determination  of  [H*] 
and  ( G* ] ) but  Is  entirely  determined  from  the  fluid  boundaries,  l.e.  boundaries 
formed  by  the  fluid-solid  Interface  and  any  mathematical  cuts  In  the  fluid 
field.  On  the  fluid  boundaries  either  p is  specified  or  the  boundaries  are 
solid  and  subject  to  the  applied  motion 


_i£_ 

3n 


(55) 


where  n is  a unit  normal  to  the  surface  and  {Un)ls  the  corresponding  normal 
displacement. 

The  fluid  structure  Interface  motion  is  prescribed  by  the  movement  of 
the  structure,  consequently  one  can  express  the  normal  fluid  motion  In  terms 
of  the  structural  nodal  displacement,  (U),  through  the  relation 


<y  - two  (56) 
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where  [N]  Is  determined  from  the  epproprlate  ehepe  functions.  The  forcing 
function  {f}  can  be  related  to  the  structure  surface  motion  using  Eqt.  (55) 
and  (56)  to  obtain 


(f)  - (S](U) 


(57) 


where  [F]  - [N]Tp[N]df  and  (P)  • (N](p)  where  (Nl  It  defined  as  the  relationship 
between  the  continuous  pressure  field  within  the  element  and  the  discrete 
value  of  p at  the  nodal  points.  Finally,  the  fluid  Interface  preasure  (P)  can 
be  related  to  the  equivalent  Interaction  nodal  force  values,  (Fj),  by  the  prin- 
cipal of  virtual  work,  this  leads  to  the  expression 


}[S]T(P) 


(58) 


Finally,  considering  Eqs.  (3),  (54),  (57)  and  (58)  simultaneously  result  In 
the  partitioned  matrix  equation 


(Mj  i r_) 

i 


(0) 


[CJ  I [o] 
I 


-IS}  ! [c*1 


(p) 


lo]  j to] 


(u) 


(p) 


IK]  |i[S)T 

I 


I 


[°]  ' [H*] 


(U) 


(59) 


(P) 


(o) 


Once  the  equation  la  written  in  the  above  form,  from  a mathematical  point  of 
view  It  la  possible  to  view  the  partitioned  unknown  vector  comprised  of  (U) 
and  (P)as  a single  unknown  vector,  say,  (U) . Thus,  Eq.  (59)  can  be  rewritten 

as 


(M]{U>  + [CJ {6}  + |K] {0}  - <FA) 


(60) 


where  (U)  - [tU},(P)]T  and  the  [M],  [C],  [K]  arrays  are  the  coefficients  of 
(U),  (AT  and  (U)  In  tha  above  Eq.  (59)  respectively.  Unfortunately,  the 
solution  to  Eq.  (59)  is  not  as  convenient  as  the  usual  structures  type  problem 
because  In  the  case  of  Eq.  (60),  the  coefficient  matrices  of  Eq.  (60)  are  not 
symmetric  and  banded.  Consequently,  any  canned  solution  techniques  that  depend 
on  these  properties  cannot  be  used  directly  In  Eq.  (60)  unless  some  sort  of 
transformation  can  ba  made  to  recover  these  desired  matrix  propertlas. 

Typically,  equations  like  those  in  Eq.  (60)  are  Integrated  by,  say,  the 
Newmark-8  method  (36]  (or  by  similar  methods,  e.g.  see  chapter  on  transient 
solutions  in  [2]).  Unfortunately,  Implementation  of  thesa  techniques  result 
In  spurious  oscillations  of  the  solution.  Methods  employing  some  form  of 
damping  have  been  used  to  eliminate  these  oscillations,  howevsr,  the  artificial 
introduction  of  damping  results  In  unnatural  dissipation  of  energy  and  depends 
heavily  on  an  experience  factor  when  Judging  the  aarount  of  damping  to  Introduce. 
Reference  (37]  has  applied  digital  filter  techniques  in  solving  second  order 
simultaneous  differential  equations  of  the  Eq.  (60)  type  and  has  obtained 
results  which  substantially  reduce  the  spurious  oscillations.  Using  the  method 
requires  some  s priori  knowledge  regarding  tha  frequency  content  of  the  spur- 
ious oscillations.  In  other  words,  one  does  not  want  to  accidently  filter  out 
some  real  response  oscillation. 
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There  are  existing  computer  programs  (to  be  discussed  later)  that  are 
set  up  directly  to  solve  the  formulation  represented  by  the  solution  to  Eq. 
(60).  Should  these  programs  be  either  unavailable,  undesirable,  or  uninstal- 
lable  on  the  user's  existing  computer  facility,  there  is  still  a method  that 
can  be  used  to  implement  the  approach  implied  by  Eqs.  (60).  The  approach  is 
presented  in  detail  in  [38]  and  will  only  be  briefly  discussed  here.  The 
philosophy  of  the  method  is  to  dummy  the  construction  of  the  stiffness  and  mass 
matrices  of  conventional  displacement  type  finite  elements  so  that  only  one 
displacement  component  la  active  (the  remaining  ones  are  zero>  and  further, 
the  remaining  nonzero  component  plays  tha  role  of  pressure.  This  is  accom- 
plished by  setting 


ux  - p u2,  u3  - 0 


(61) 


and  Em  - Eu  - E46  - 0;  En  - E44  - E6£  - pc2 


(62) 


where  (u^,  U2>  uj)  are  the  three  displacement  components  of  a node  and  the 
E^j  valueB  are  components  of  a 6x6  elasticity  matrix  defined  by 


la)  - (EHe) 


(63) 


where  (a)  and  (c)  are  the  corresponding  stress  and  strain  vectors.  The  other 
IS  E1.  constants,  not  defined  by  Eqs.  (62)  can  be  arbitrarily  chosen;  however, 
it  inconvenient  to  select  them  so  that  [E]  is  invariant  under  a coordinate 
system  rotation  thus  making  ( E]  sn  isotropic  matrix.  A necessary  and  suffi- 
cient condition  for  [E]  to  be  isotropic  is  that  it  has  the  general  form 


A+2p  A 

X A+2p 

X X 

0 0 

0 0 

0 0 


x ooo 

X 0 0 0 

A4-2p  000 

0 p 0 0 

0 0 u o 

0 0 0 u 


(64) 


where  X and  p are  the  Lami  constants.  The  only  values  of  X and  p satisfying 
both  Eq.  (64)  and  Eq.  (62)  are 


X • -pc2,  p • pc2 


(65) 


Employing  an  isotropic  [E]  frees  one  from  worrying  about  using  finite  elements 
whose  material  matrix  is  based  on  some  local  element  coordinate  system.  Thus, 
for  ordinary  structures  programs  (not  necessarily  having  any  explicit  fluid 
elements)  ona  can  conatruct  the  diagonal  matrices  of  Eq.  (59)  directly;  the 
structural  matrlcea  (M],  (K]  and  [C]  are  formed  the  usual  way  and  [G*J,  [H*J 
are  formed  as  though  they  were  solid  slaments  having  a material  constant 
matrix  (E]  and  all  03,  u-j  displacement  components  constrained  out.  The  non- 
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zero  off  diagonal  matrices  of  Eq,  (59)  (l.e.  -IS],  and  p-(S)T)  have  to  be 
Introduced  by  hand  (l.e.  most  programs,  NASTRAN  for  one,  have  the  generality 
to  Introduce  additions  to  the  matrices  that  have  been  automatically  built  by 
the  program).  The  construction  of  these  diagonal  matrlcea  come  through  the 
enforcement  of  the  fluid  structure  Interface  boundary  condition  denoted  by 
Eq.  (55).  A discrete  evaluation  of  the  continuous  expression  given  by  Eq.  (55) 
leads  to  the  evaluation  of  the  off  diagonal  matrices.  The  reader  la  referred 
to  [38]  for  details;  briefly,  the  — [S]  matrix  la  constructed  by  Inserting 
-(pc)2A*  In  the  row  corresponding  to  each  Interface  (P)  variable  and  the 
column  corresponding  to  the  associated  structural  normal  displacement,  where 
A*  Is  an  area  corresponding  to  the  conversion  of  the  1 direction  surface 
traction  Into  an  equivalent  lumped  force  in  the  1 direction.  Further,  the 
(S]T/P  matrix  can  be  constructed  by  inserting  a +A*  in  the  row  corresponding 
to  each  surface  normal  displacement  and  the  column  corresponding  to  the  asso- 
ciated (P).  For  a problem  of  any  substantial  size,  one  should  write  a small 
preprocessing  program  to  automatically  generate  the  Input  data  cards  required 
to  Install  the  off  diagonal  matrices. 


Steady  State  Methodology 

Extension  of  the  solution  to  Eq.  (60)  for  steady  state  problems  Is  handled  in 
a straightforward  manner.  All  response  quantities  (U)  and  (Fg)  are  assumed 
to  vary  timewise  as 

. (U)  - {U}°e1,0t  and  (F^)  - (F^e1"1 


I 

I 

I 


I 


Substituting  the  above  expression  into  Eq.  (60)  leads  to 

m(U)°  - {Fa)8  (67) 

where  lv]  - -[M]u2  + iu[C]  + [K] 

• -1  • 

the  solution  to  Eq.  (67)  la  therefore  (0)  “ [V]  (F^) 


where  the  complex,  nonsynmetrlc  matrix,  [V],  must  be  Inverted  to  obtain  the 
final  result. 


Displacement  Finite  Elements 

All  the  methods  considered  up  to  this  point  have  always  worked  with  the 
governing  equations  of  motion  of  the  form  given  by  Eq.  (3)  where  the  inter- 
action force,  { Fj ) , la  treated  as  an  unknown  force  that  somehow  must  eventually 
be  related  to  the  structural  response  motion  (U(t)}.  In  this  approach,  the 
fluid  region  surrounding  the  structure  Is  actually  considered  to  be  part  of 
the  structure  in  the  sense  that  when  the  atlfmess  matrix  is  assembled  for  the 
entire  system  (structure  and  surrounding  fluid)  no  special  distinction  is  mads 
between  solid  or  fluid  elements  other  than  the  fact  that  the  material  con- 
stants used  to  define  the  element  fluid  stiffness  are  selected  In  a particular 
manner.  Thus,  the  (F|)  term  does  not  appear  explicitly  In  Eq.  (3)  but  rather 
appears  Implicitly  within  the  (K](U)  expression.  For  the  general  3-D  type 
problem,  there  are  three  degrees  of  freedom  per  node  (3  displacement  components) 
as  opposed  to  the  pressure  type  finite  elements  considered  In  the  prior  section 
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which  had  only  one  unknown  per  element,  namely  the  preaaure  at  the  node.  It 
appears  that  Miller,  Constantino  and  Fey,  all  formerly  of  the  IIT  Research 
Institute,  were  the  first  to  employ  this  approach  to  solving  fluid  Interaction 
problems  In  1965.  Later,  applications  employing  this  approach  were  made  In 
[5,  40,  44]  on  shock  loading  problems. 

The  development  of  these  type  elements  la  straightforward.  One  starts 
by  recognizing  the  fact  that  the  dynamic  elasticity  field  equations  [42]  will 
reduce  to  a displacement  form  of  the  wave  equation  if  one  lets  the  shear  modulus 
(or  equivalently  the  Lamb  constant  p ) go  to  zero.  That  la  the  aolld  elasticity 
field  equations  reduce  to 


c2?^  ■ u^;  cz  - 1/p 


and  the  pressure  Is  related  to  the  displacement  vector  by 


p - -IV  • u^ 


(69) 


where  X la  the  Lam 6 constant  and  u^  la  the  displacement  vector. 

Note  that  operating  on  Eq.  (68)  with  the  divergence  V.(  ) operator  and  employ- 
ing Eq.  (69)  reduces  Eq.  (683  to  the  standard  pressure  wave  equation 

c2V2p  « p 


I 

i 

| 

i 

j 


Actually  the  displacement  elements  are  used  In  conjunction  with  Eq.  (68). 

The  relationship  Eq.  (68)  will  be  enforced  provided  that  in  the  general  stress- 
strain  law,  Eq.  (64)  one  lets  V -K)  and  X-*p  cz  where  p Is  the  fluid  density, 
and  c Is  the  fluid  wave  speed. 

The  reduction  of  Eq.  (64)  described  above  1b  equivalent  to  the  approach 
taken  In  [5].  We  point  out  that  the  parallel  development  In  [5]  has  several 
sign  errors,  namely  on  page  74  of  [5],  replace  -k  with  4k  on  the  third  line 
from  the  bottom,  replace  k with  -k  in  Eq.  (3)  and  finally  replace  -k  with  +k 
at  the  bottom  of  page  75.  The  variable  k In  [5]  is  equivalent  to  the  Lamb 
constant  X here. 

Thus,  the  local  element  stiffness  and  mass  matrices  for  each  fluid  ele- 
ment can  be  created  from  ordinary  solid  (either  one,  two  or  three  dimensional) 
linear  elastic  elements  by  applying  the  above  limiting  value  of  u.  Elements 
created  In  this  sort  of  artificial  manner  have  been  referred  to  In  [5]  as 
"mock"  fluid  finite  elements.  The  stlffnesu  of  the  remaining  structural 
elements  are  created  In  the  usual  way.  Finally,  the  total  stiffness  and  mass 
matrices  of  the  entire  system  of  elements  are  assembled  In  the  usual  manner 
dictated  by  the  finite  eleaent  method. 

With  all  the  fluid  structure  Interaction  methods  discussed  until  now, 
a boundary  condition  at  the  fluid  structure  Interface  that  la  used  required 
that  the  normal  motion  of  the  structure  equals  the  normal  motion  of  the  fluid. 
To  achieve  this  affect  with  the  track  elements,  a double  set  of  nodes  must  be 
applied  at  the  fluid  structure  Interface.  One  set  of  nodes  belongs  to  the 
fluid  and  the  other  to  the  solid.  The  motion  of  the  two  sets  of  nodes  are 
assumed  to  be  Independent  of  each  other  in  the  direction  tangeotal  to  the 
aurface  (l.e.  slip  la  allowed  In  the  tangental  direction)  but  are  forced  equal 
In  the  normal  direction.  Many  existing  general  prupose  programs  have  multi- 
point conetralnt  capabilities  which  easily  permit  the  enforcement  of  this 
condition.  For  those  programs  that  do  not  have  multipoint  constraints  all  one 
can  do  (without  program  modification)  is  to  employ  a common  set  of  nodes  at 
the  Interface  (which  automat ically  Implies  both  the  tangental  and  normal 
motions  at  the  fluid  solid  Interface  are  set  equal).  Since  the  fluid  elements 
cannot  sustain  a shear  stress  (by  virtue  of  setting  v ■ 0)  it  appears  that  the 
tangental  motions  would  not  endure  any  additional  tangental  forces  on  the 
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fluid  elements;  thus,  not  strictly  enforcing  the  slip  condition  msy  not 
seriously  effect  the  solution.  This  author  has  made  trial  runs  with  and 
without  enforcing  the  slip  condition  and  found  only  small  differences  in  the 
results  for  a limited  number  of  numerical  experiments;  the  generality  of  this 
Is  uncertain. 

Transient  methodology.  Upon  forming  the  stiffness  and  mass  matrices  for  the 
structure  and  mock  fluid  elements  by  the  procedure  described  above,  one  arrives 
at  Eq.  (3)  (with  the  omission  of  the  { Fj } term)  for  the  equations  of  motion  of 
the  fluid  structure  system,  The  equations  of  motion  can  be  Integrated  by 
standard  numerical  Integration  techniques  [36,  37,  45].  Application  of  mock 
elements  Is  straightforward  for  scattering  or  radiation  problems  with  finite 
boundaries.  With  Infinite  boundaries,  special  considerations  must  be  made 
and  are  treated  is  a separate  section  later. 


Steady  state  methodology.  The  solution  for  steady  state  problems  Is  handled 
In  the  usual  manner.  Substitution  of  all  response  and  driving  quantities 
proportional  to  exp(lut)  leads  to  the  form  of  equations  like  Eq.  (67)  except 
that  the  lover  bars  on  the  variable  are  omitted  (because  here  pressures  are 
not  explicitly  part  of  the  unknown  solution  vector  (U)*).  The  problem  solution 
Involves  Inverting  a banded,  symmetric,  complex  [V]  matrix. 


Comparison  of  Pressure  and  Mock  Elements 

The  greatest  advantage  of  applying  the  mock  fljid  elements  Is  that  they  can 
be  employed  to  instantaneously  convert  an  ordinary  dynamic  structures  code 
(one  not  necessarily  having  any  direct  fluid  structure  interaction  capability 
but  presuaubly  one  having  ordinary  linear  elastic  solid  elements,  2-D  or  3-D, 
as  part  of  the  admissible  set  of  finite  elements  available  to  the  user)  Into 
a fluid  structure  Interaction  computer  program  with  absolutely  no  computer 
program  rewriting!  In  contrast,  to  Implement  the  pressure  element  approach, 
one  would  have  to  do  one  of  the  following:  1)  have  an  existing  program  with 

this  capability  already  programmed;  2)  reprogram  an  existing  structures  code; 

3)  employ  the  dummy  displacement  vector  method  of  reference  [38].  Even  If  one 
employs  option  3 above,  one  is  still  faced  with  requiring  the  program  to 
operate  on  nonsymmetrlc  matrices  whereas  most  structure  codes  (NASTRAN  excluded) 
have  their  equation  solving  tools  geared  only  toward  sysssetrlc  matrices. 

The  disadvantage  of  employing  mock  elements  Is  that  there  are  1 unknowns 
per  node  (1  * number  of  displacement  degrees  of  freedom;  ■ 1,  2,  or  3)  as 
opposed  to  1 In  the  pressure  element  method.  This  disadvantage  may  not  be  as 
negative  as  It  appears  when  one  remembers  that  when  employing  mock  elements 
the  matrix  operations  are  more  efficient  for  banded  symmetric  matrices  than 
for  highly  populated  unsymmetrlc  ones.  Thus,  although  there  are  surra  unknowns 
In  the  method  employing  mock  elements,  the  final  solution  running  time  nay  be 
comparable.  This  writer  is  not  avare  of  any  published  work  coeqrarlng  running 
times  of  the  same  problem  solved  by  both  approaches. 

Finally,  one  additional  advantage  of  employing  the  mock  fluid  elements  Is 
that  a dynamic  nonlinear  structures  program  (e.g.  one  that  considers  plasticity 
in  the  structure)  can  easily  be  adapted  to  solve  fluid  structure  Interaction 
problems  with  no  program  rewriting. 


Infinite  Region  Fluid  Boundaries 

Special  conslderatlone  must  be  taken  for  problems  involving  Infinite  fluid 
boundaries.  The  manner  In  which  the  Infinite  boundary  Is  handled  depends 
upon  the  type  of  problem  being  solved. 
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Temporal  truncation.  This  Is  the  most  straightforward  approach  and  Is  readily 
adaptable  to  both  the  pressure  or  mock  element  type  transient  solutions.  In 
construction  of  the  finite  element  mesh,  one  models  the  fluid  surrounding  the 
solid  cutout  to,  say,  2 structure  lengths.  For  scattering  or  radiation  type 
problems,  one  can  take  advantage  of  the  fact  that  the  continuous  equations  are 
hyperbolic  in  nature.  Thus  for,  say,  a radiation  problem,  the  solution  will 
be  such  that  the  response  In  front  of  a radiating  wave  is  zero,  thus  the 
problem  does  not  know  a boundary  to  the  mesh  even  exists  until  the  radiating 
wave  actually  gets  there  (due  to  the  discretization  of  the  problem,  the  gov- 
erning equations  do  not  exactly  behave  like  hyperbolic  equations,  but  the  Idea 
of  traveling  waves  are  still  roughly  approximated  by  the  governing  discre- 
tized differential  equations).  Thus,  the  solution  to  the  problem  can  be 
obtained  in  the  same  manner  as  a finite  boundary  case,  except  that  the  solution 
response  must  be  truncated  at  the  time  when  the  radiated  wave  reaches  the  mesh 
boundary. 

Scattering  problems  can  be  treated  In  a similar  manner.  The  free-fleld 
Incident  wave  solution  starts  the  ptoblem,  i.e.  the  initial  conditions  for  the 
problem  solution  are  obtained  by  setting  the  response  field,  behind  the  Inci- 
dent wave,  equal  to  the  free-fleld  solution.  The  equations  of  motion  are 
integrated  in  time  In  the  usual  manner  but  must  be  truncated  when  scattered 
waves  off  the  structure  reach  the  finite  fluid  mesh  boundary. 


Absorbing  boundary.  Another  approach  to  handling  the  Infinite  boundary  problem 
Is  through  the  introduction  of  wave  absorbing  boundaries.  This  alternate 
procedure  Is  especially  important  for  steady  state  problems  which  do  not  have 
the  alternative  of  truncating  the  time  response  solution.  The  idea  behind  this 
method  Is  to  again  model  the  fluid  field  out  to  a certain  number  of  structure 
lengths  (as  In  the  temporal  truncation  approach),  however,  In  this  approach  a 
special  boundary  condition  Is  applied  which  relates  the  problem  response 
variables  at  the  mathematical  cut  in  the  fluid  field.  The  exact  manner  In  which 
this  Is  Implemented  Is  different  for  the  pressure  and  mock  element,  and  thus 
far  must  be  treated  separately. 


Pressure  Elements  (Radiation  Problems) 

For  radiation  problems,  [35],  applies  a boundary  condition  at  the  mathematical 
cut  given  by  the  relation 


lE  . . I i£ 

3n  c 3t 


(70) 


and  Is  strictly  valid  for  plane  waves.  If  the  boundary  Is  placed  "far  enough" 
away,  radiated  components  will  appear  to  be  plane  (from  an  Impedance  point  of 
view)  thus  the  Eq.  (70)  can  be  applied  In  those  situations  ae  well.  According 
to  the  original  source  reference,  [35],  "In  the  real  situation,  a test  must 
be  made  to  determine  If  the  infinite  boundary  has  been  placed  far  enough.  This 
la  the  case  If  the  portion  of  the  boundary  la  far  enough  not  to  affect  the 
results  at  the  focus  of  Interest  and,  generally,  two  or  more  trial  solutions 
should  be  attempted."  Omitting  the  development  details,  the  enforcement  of 
Eq.  (70)  In  discrete  form  results  In  the  addition  of  a term,  [D*](P)  In  Eq.  (54) 
where  CD* 1 Is  assembled  from 

[D*J  - - 2 J [N]  [N]dS 


The  final  equations  of  motion  are  the  same  as  Eq.  (59)  except  that  the  lower 
left  partition  of  the  (U)  vector  has  [ D* ] in  place  of  [0]. 
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Employing  this  approach  to  transient  probleaa  allows  one  to  continue 
the  radiation  solution  beyond  the  point  where  the  radiation  waves  Interact 
with  the  boundary.  Employing  it  to  steady  state  problems  automatically  gives 
the  proper  (within  the  accuracy  of  the  boundary  plane  wave  approximation) 
boundary  forces  simulating  the  steady  state  forces  that  would  have  been  there 
had  the  fluid  media  been  extended  to  infinity. 


Hock  Element!  tladiation  Problems) 

the  information  discussed  in  the  next  two  sections  on  mock  elements  is  based 
on  work  done  by  the  author  at  NUSC. 

A relationship  conslstant  with  Eq.  (70)  can  be  written  for  the  boundary 
mock  elements  existing  at  the  mathematical  cut  in  the  fluid  medle,  namely  that 
the  radiated  boundary  pressure,  p,  is  related  to  the  normal  velocity  by  the 
relation 


p * Pew 

n 


(71) 


which  is  exactly  true  for  plane  waves  and  asymitooatically  true  for  cylindrical 
and  spherical  waves.  For  convenience,  the  following  discussion  on  wave  absorb- 
ing boundaries  for  mock  elements  will  aeaume  thst  the  fluid  outer  boundaries 
are  straight  and  parallel  with  the  global  Cartesian  coordinate  system  of  the 
problem.  Thus,  one  can  drop  the  normality  subscript  in  Eq.  (71)  when  referring 
to  the  outer  boundary.  The  equations  of  motion  for  the  problem  are  still 
given  by  Eq.  (3)  with  Fj  taken  to  be  ssro  (since  the  fluid  structure  inter- 
action is  implicitly  taken  into  account  in  the  assembled  stiffness)  and  with 


ltl  ’ '{V  + <V 

where  (F|,}  are  the  outer  mesh  boundary  forces  applied  at  the  outer  nodal  points 
(due  to  the  pressure  existing  at  the  mathematical  cut  in  the  fluid)  and  (Fa) 
are  the  known  epplled  driving  forces  acting  directly  on  the  structure.  The 
(F|,)  term  has  a meaning  similar  to  (Fj)  except  that  these  forces  exist  at  the 
mathematical  cut  in  the  fluid,  not  at  the  fluid  structure  Interface.  Upon 
rewriting  Eq.  (71)  in  discrete  form,  a relationship  for  relating  to  the  fluid 
velocity  field  can  be  obtained,  namely 

{V  ” |CbH‘')  <72) 


where  [C^]  is  a diagonal  matrix  with  sero  diagonal  values  for  non-outer 
boundary  nodal  points  and  value  of  pcdAj  for  normal  outer  boundary  nodal  d.o.f. 
where  AAj  is  the  pressure-to-force  conversion  tan  and  corresponds  to  a segment 
of  surface  area  at  boundary  node  1.  Reference  [A3]  has  applied  a similar 
approach  to  soil  structure  interaction  problems  wherein  damping  coefficients 
similar  to  [Cl]  were  used  to  absorb  radiated  dllatatlonal  waves  in  the  soil; 
also,  the  [C^J  damping  matrix  employed  in  [A3]  considered  sheer  wsve  sbsorblng 
dashpots  which  have  no  counterpart  for  acoustic  orlentsted  fluid  problems. 

In  sumaury,  the  equations  of  motion  of  the  system  ere  given  by  Eq.  (3) 
with  the  following  modifications!  1)  setting  (Fj)  • 0;  2)  replacing  (F.)  with 
(F  hand,  3)  replacing  [C]  with  [C]  ♦ [Cj,]. 
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Scattering  problems  are  bandied  like  radiation  problems  except  that  special 
attention  must  be  given  to  the  Incident  wave  pressure  which  eventually  finds 
Itself  as  an  applied  force  on  the  outer  fluid  meah  boundary.  In  the  equations 
of  motion  (3),  let  (Fj)  ■ 0 and  the  applied  force  vector  (Fa)  Is  given  by 

{V  - -on  - (Ft)  + (Fa)  (73) 


where  (Fg)  Is  the  component  of  the  meah  boundary  force  due  to  the  scattered 
component  of  pressure,  pa;  { Fa)  is  any  driving  force  applied  directly  on  the 
structure  (It  is  usually  aero  In  moat  scattering  problems)  and  (Eg)  la  the 
component  of  the  mesh  boundary  fource  due  to  the  incident  presaure  pg  (the 
total  mesh  boundary  force  being  (Ft)  4 (Fj)) . In  view  of  Eq.  (72),  the 
scattered  force  can  be  related  to  the  scattered  velocity  by  the  relation 

<v  'cbi{v  • [cb]  (f®>  - <y„)  (74) 

t 

where, (Ug)  Is  the  Incident  velocity  normal  to  the  mesh  boundary  surface  node 
and  (U)  la  the  total  velocity  (Incident  plua  scattered  component).  Substituting 
Eq.  (74)  into  Eq.  (73)  one  obtains 


(Fa)  - (-(CbHU>  + + (+lcbH“1)n  - {*!»  (75) 


Finally,  substituting  Eq.  (7$)  into  Eq.  (3)  (with  {Fg}  * 0)  the  following 
result  la  obtained 


IM]  (in  + ((cl  4 (C^MO)  + (KHU)  - (FB)  4 (Fd)  (76) 


where 


{V  • lV{Vn  ' (Fi} 


(77) 


The  value  of  (F^l  on  the  fluid  neah  boundary  la  pet  haps  best  Illustrated 
with  a specific  exaeiple.  The  specific  example  not  only  helps  demonstrate  the 
explicit  calculation  of  the  (F^)  term,  but  further  serves  to  Illustrate  the 
accuracy  of  the  solution  against  some  known  reference  solution.  Consider 
the  two-dimensional  problem  of  an  Infinitely  long  cylindrical  void  existing  In 
a fluid  medium,  subject  to  a plana  harmonic  Input  wave.  The  problem  Is  to 
compute  the  total  pressure  amplitude,  pt,  at  five  angular  positions  (all 
positions  are  at  2.12S  cavity  radii  from  the  cavity  center)  for  e driving  fre- 
quency of  ka  ■ 2.122  where  a » radius  of  the  cavity  and  It  ■ u/c.  The  formula 
for  an  Incident  wave  la  given  by  {3} 


>1 


,l(«t-kx) 

ro 


(78) 


where  4x  la  the  coordinate  of  the  direction  of  wave  propagation.  The  force 
vector  (Fg)  can  ba  related  to  pt  via  the  area  of  the  fluid  mesh  surface.  For 
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Fig.  6 Total  (Inc Id ant  and  acatterad)  ateady  atata  praaaura  raaponaa  of  a 
cylindrical  void  In  watar  (Intermediate  distant*  froa  cylinder) 


Fig.  7 Comparison  of  ssact  and  finite  aleaent  solution  without  absorbing 
boundary  daahpots  (cylindrical  void  in  watar) 
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a unit  depth  model,  the  (F^)  value  can  be  computed  by  multiplying  p£  time*  the 
area,  ALxl,  of  the  meah  where  AL  la  the  meah  apaclng  (AL/2  la  uaed  for  the  end 
nodea).  This  relationship  can  be  uaed  to  compute  (Fj)  on  all  four  facea 
(numbered  1 through  A)  of  Fig,  Sa.  Next,  It  la  beat  to  partition  Eq.  (77) 

Into  four  aegmenta,  one  for  each  of  the  four  fafea  on  the  model  (do  thla  for 
alx  facea  for  3D  problema) , thus,  noting  that  (U^)  • 0 for  the  component  of 
free-fleld  displacement  normal  to  face  3 and  4,  Eq,  (77)  can  be  written  as 


1 

IcJ  (U  ) 

V 

d in 

1 

NU 

V 

d in 

l 

(0) 

tnu ' 

(0) 

V. 

1*1  1 • 2 
But  on  face  1 CC.]{U.)  » — < F . > and  on  faca  2,  [C.){U.)  » +(F.) 

thus  Eq.  (79)  becomea  n 1 d 1 n 1 


(79) 
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| 

I 
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Upon  substituting  Eq.  (80)  Into  Kq.  (77)  with  (Fs>  * 0 (since  there  Is  no  load 
applied  other  than  the  Incident  wave),  the  governing  equations  of  the  aysten 
are  obtained.  Solving  the  steady  state  version  of  Eq.  (76)  by  the  steady  state 
methodology  described  earlier  leads  to  the  solution  {U}*.  Converting  (U)*  Into 
pressure  with  the  unassembled  element  atlffneaa  matrices  provides  the  solution 
shown  In  Fig.  6.  The  numerical  solution  la  shown  In  comparison  to  tha  exact 
aolutlon  to  the  wave  equation  (1).  Next  consider  what  happens  If  tha  absorbing 
boundary  la  omlttad  and  the  problem  la  driven  directly  with  the  free  field  on 
all  four  faces.  One  can  obtain  completely  enormous  results  as  Indicated  by 
the  aolutlon  shown  In  Fig.  7. 

For  plane  waves,  the  Incident  pressure  la  constant  along  faces  1 and  2, 
however  It  varies  specially  In  the  direction  of  propagation.  An  alternate  to 
computing  (F^)  on  face  3 and  4 by  simply  setting  the  pressure  at  a nods  equal 
to  a constant  value  over  1/2  the  element  surface  neighboring  the  node  Is  to 
convert  the  actual  special  pressure  variation  Into  an  equivalent  set  of 
"consistent"  driving  forces  by  the  principal  of  virtual  work.  This  Is  a 
standard  technlqua  and  can  be  found  In  any  nodarn  text  on  finite  elements  [34], 
Still  another  way  is  to  run  the  free-fleld  Incident  pressure  through  a mesh 
(with  the  structure  region  temporarily  filled  with  fluid)  and  applying  a aero 
normal  displacement  condition  on  facea  3 and  4.  Tha  resulting  raactlon  forcas 
at  the  node  will  give  the  proper  (F^)  value  to  use  when  solving  tha  scattering 
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Fig.  6 Total  (Incident  and  acattarad)  steady  atate  pressure  reaponae  of  a 
cylindrical  void  In  vatar  (Intermediate  diatance  fron  cylinder) 


Fig.  7 Conparlaon  of  exact  and  finite  elaMOt  eolutlon  without  abaorblng 
boundary  daahpota  (cylindrical  void  In  water) 
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problems.  This  latter  approach  also  has  the  advantage  of  checking  out  any 
potential  mesh  ringing  by  coaiparlng  the  response  with  the  exact  solution  for 
a plane  wave. 

{ 

Placement  of  Outer  Fluid  Boundary  (Steady  State  Problems) 

A rough  guideline  la  needed  for  determining  how  far  the  fluid  boundary  should 
be  placed  In  order  for  the  plana  wave  approximation,  Eq.  (71),  to  be  valid. 

A steady  atate  solution  can  be  constructed  from  some  distribution  of  point 
sources  around  the  structura  fluid  boundary.  For  a 3-D  problem,  a single 
source  will  approach  (within  98. 6Z)  a plane  wave  pressure  velocity  relationship 
(like  Eq.  (71))  after  moving  one  wave  length  away  from  tha  source.  The  per- 
centage quoted  refers  to  tha  fact  that  complex  Impedance  (z  - p/w)  la  .9860°. 
Moving  away  1>j  wave  lengths,  this  percentage  becomes  99. AZ.  Thus,  we  are 
suggesting  that  tha  single  source  decay  Information  can  be  used  to  judge  the 
distance  '.o  place  tha  absorbing  boundary.  For  2D  problems,  a line  source 
emitting  cylindrical  wavas  will  approach  a plane  wave  boundary  condition  to 
within  99. 2Z  for  one  wave  length  away  and  to  within  99. 7Z  for  l*a  wave  ^ 
lengths  away.  Thus,  It  la  suggested  to  place  the  boundary  a distance  D away 
from  the  structure  where 


D - nX  (81) 

and  a is  a proportionality  constant  (a.g.  1.5  for  a 99. AZ  correct  plane  wave 
assumption)  related  to  the  degree  of  the  plane  wave  boundary  condition  assump- 
tion, and  T la  the  wave  length  of  the  steady  stats  driving  frequency  In  water 
(l.e.  T ■ 2nd  in) . 

Next  one  must  consider  the  else  elements  to  use  to  that  the  elements  of 
the  meah  do  not  artificially  "ring"  at  their  natural  frequencies.  To  avoid 
ringing,  there  exists  a minimum  element  length,  AL,  that  la  related  to  some 
fraction,  6,  of  the  wave  length  of  the  driving  frequency  In  the  fluid,  thus 

AL  - 81  (82) 


The  value  of  8 will  depend  on  the  type  of  elements  being  used.  For  example. 
If  one  employs  CQDMEM  elements  of  the  NASTSAH  program,  8:  1/6  to  avoid  meah 
ringing.  Modeling  tha  region  from  the  fluid  structure  Interface  out  to  the 
mathematical  cut  In  the  fluid  boundery  would  result  In  n elements  of  length 
A],,  thus 


n ■ 


D_ 

AL 


(83) 


Substituting  Eqs.  (81)  and  (82)  Into  Bq.  (83)  results  In  the  expresalon 


which  Is  Independent  of  the  driving  frequency  w.  Thus,  employing  typical 
values  of  a ■ 1.5  end  8 ■ 1/6  Into  Bq.  (83)  shows , for  exesple,  that  regardless 
of  the  driving  frequency  magnitude,  It  Is  possible  to  model  the  fluid  field 
with  as  few  aa  9 elements  In  the  direction  normal  to  ths  surface.  In  cases 
where  the  surface  structure  elements  are  coarse,  more  elements  would  be  needed 
to  bland  In  the  fine  surface  elaaMnts  Into  the  coarser  field  elements. 

In  closing  this  section  on  Infinite  fluid  boundaries,  the  method  employed 
by  (16,  SO,  51]  Is  another  way  to  handle  the  Infinite  boundary  problem  for 
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computational  methodology  that  conaldera  both  the  atructure  and  fluid  to  be 
comprlaed  of  finite  elemente.  In  thla  approach,  the  mathematical  cut  in  the 
fluid  medium  le  in  the  form  of  a aphere  whose  diameter,  2!^,  la  allghtly  larger 
than  the  largeat  length  dimension  of  the  atructure.  Preaaure  type  fluid  finite 
elemente  fill  the  region  between  the  atructure  and  the  outer  boundary  of  the 
sphere.  With  the  poaaibla  exception  of  ultra-high  driving  frequencies,  the 
fluid  mesh  outer  boundary  la  too  cloae  to  the  atructure  to  be  able  to  use  any 
of  the  wave  absorbing  techniques  discussed  earlier.  The  next  key  step  In  the 
procedure  Is  to  represent  the  remaining  fluid  beyond  the  spherical  collection 
of  fluid  finite  elements  (l.e.  from  the  aphere  radius  Rq  out  to  Infinity) 
with  the  continuous  wave  equation  (1).  The  Helmholtz  surface  Integral,  Eq.  (22), 
la  then  employed  In  a similar  manner  as  discussed  in  the  methodology  section, 
except  that  in  this  case,  advantage  la  taken  If  the  fact  that  an  analytical 
expression  for  the  solution  to  Helmholtz's  surface  Integral  is  known  which  re- 
lates the  radiated  pressure  at  the  radius  Kg  of  the  sphere  to  the  normal 
velocity  at  the  sphere..  A a one  increasaithe  radius  larger  and  larger,  the 
relationship  eventually  reduces  to  Eq.  (71)  in  the  limit  of  increasing  R0. 

Upon  setting  up  the  final  equations  of  motion  for  the  system,  one  eventually 
arrives  at  a set  of  equations  that  look  very  similar  to  Eq.  (59). 


Continuum  Structure-Continuum  Fluid 

Unlike  the  prior  sections,  here  both  the  atructure  and  the  fluid  are  treated 
as  continuums  wherein  primarily  analytical  solutions  are  employed  extensively. 
Strictly  speaking,  a ahell  atructure  le  not  a continuum  in  the  pure  elaatlclty 
sense,  however,  hare  plates  and  shell-llke  structures  treated  from  a continuous 
partial  differential  equation  point  of  view  are  viewed  as  continuum  structures. 
Reference  [33]  la  a good  example  of  problems  treated  from  this  point  of  view 
wherein  mainly  classical  methods  of  solution  Involving  separation  of  variables, 
Laplace  transforme,  Fourlar  series  expansions,  etc.  are  employed  to  obtain 
solution.  Thla  review  article  Is  orientated  more  towards  computational  tech- 
niques, therefore  a detailed  survey  of  these  methods  Is  beyond  the  scope  of 
this  article  (sea  references  [66,  67]  for  a survsy  of  analytical  methods). 
However,  later  In  the  computer  program  survey  section  existing  computer  pro- 
grams that  solve  fluid  structure  Interaction  problasM  by  simply  programming 
existing  analytical  solutions  will  be  presented  In  situations  whera  the  program 
scope  has  enough  generality  to  be  of  general  use  to  the  engineering  community. 


Finite  Difference  Structure-Finite  Difference  Fluid 

The  methodology  In  this  area  la  not  as  commonly  employed  as  the  prior  section 
on  finite  eleaMnt  structure-continuum  fluid,  particularly  when  one  Is  Inter- 
ested In  an  approach  that  has  applicability  to  a wide  class  of  structures 
(broaded  than  just  shells)  of  arbitrary  shape.  The  solution  technique  presented 
by  [27]  considers  a prolate  spherical  shell  submerged  in  an  acoustic  medium 
subject  to  an  arbitrary  loading  In  terms  of  time  and  space.  Briefly,  the  pro- 
cedure starts  with  expressing  the  acoustic  field  equations  (1)  In  spheroidal 
coordinates  while  suppressing  the  circumferential  coordinates  through  s Fourlar 
series  expansion.  The  radial  coordinate  transformation  naps  the  external 
Infinite  fluid  region  Into  a finite  rectangular  domain  In  which  the  fluid  poten- 
tial Is  regular.  Central  differences  applied  to  the  spatial  variables  and 
backward  differences  to  the  time  variable  provide  an  unconditionally  stable 
finite  difference  approximation.  The  shell  analysis  is  based  on  a finite  dif- 
ference solution  of  shslls  of  revolution.  The  unknown  interaction  pressure  at 
the  shell-fluid  Interface  Is  expressed  In  terms  of  the  velocity  potential  and 
subsequently  Introduced  Into  the  normal  surface  loading  term  of  the  finite 
difference  expression  of  the  governing  system  of  second  order  partial  differen- 
tial equations  for  the  shell.  At  a given  time  stop  the  normal  deflection  of 
the  shall  Is  expressible  as  the  sun  of  a %lven  surface  loading  Induced  known 
part  and  (an  acoustic  pressure  loading  Induced  unknown  part.  Finally,  the 
equations  resulting  from  matching  tha  normal  shell  velocity  to  the  normal 
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fluid  velocity  at  the  fluld-ehell  Interface  are  conelderad  alaultaneoualy 
with  the  finite  difference  equations  over  the  acouetlc  fluid  field  to  provide 
a aufflclent  eat  of  aquatlona  for  the  determination  of  the  unknown  velocity 
potential  on  the  fluld-aolld  Interface  and  within  the  mapped  fluid  field.  The 
reaultlng  ayatem  of  aquatlona  are  banded  and  eolved  by  the  method  of  aucceaalve 
overrelaxation.  Once  having  aolvad  for  the  fluid  potentlel,  the  eurface  pree- 
aure  can  ba  determined  which  in  turn  can  be  uaed  to  determine  any  ahell  reeponee 
quantity  of  lntereat. 

Thia  approach  haa  an  advantage  of  not  having  to  employ  an  approximate 
Interaction  lav  (viz.  [6])  to  uncouple  the  fluid  field  aquatlona,  however,  one 
paya  the  price  of  having  an  rxr  grid  work  (and  lta  aaaoclated  unknown  ve- 
locity potential)  repraaentlng  the  fluid  field.  Thle  la  In  contraat  to  [6] 
which  needa  only  the  eurface  praaaure  unknown  in  the  problem  formulation.  Whan 
uaing  thla  approach  care  muat  be  taken  to  aelect  r large  enough  to  obtain  a 
aufflclently  accurate  eolutlon.  The  eaee  of  adaptability  of  the  procedure 
to  a more  general  type  atructure  with  an  arbitrary  ahape  la  not  clear.  A more 
general  finite  difference  achema  for  the  atructure  and  a more  general  mapping 
traneformation  relating  the  arbitrary  ahape  to  a rectangular  region  muat  be 
employed  to  extend  the  procedure. 


AVAILABLE  COMPUTER  PROGRAMS 

The  prevloue  aection  on  eolutlon  methodology  glvee  the  reader  a broad  overview 
of  the  aolutlon  techniquea  currently  being  uaed  In  the  engineering  community 
to  aolve  fluld-atructure  Interaction  problama.  In  thle  aection  a Hat  of  cur- 
rently available  computer  programs  la  presented  (user oriented  programs,  UOP, 
and  research  oriented  programs,  ROP)  whose  category  deacrlptlone  are  defined 
In  the  Introduction  to  this  survey.  Many  of  these  program,  (particularly  the 
ROP  type)  are  In  a rather  rapid  state  of  change,  consequently,  it  Is  not  prac- 
tical to  give  finer  deteila  of  the  program's  capability  such  aa  the  maximum 
number  of  nodes  and  elements  the  program  In  question  can  handle.  In  most  cases 
It  la  a good  Idea  to  contact  the  program  author  to  ba  sure  one  obtains  the  most 
up  to  date  documentation  that  exists. 

The  computer  program  suaawries  will  be  broken  down  Into  the  same  cate- 
gories used  to  describe  the  solution  methodology.  In  most  cases  the  solution 
methodology  used  In  the  programs  to  ba  reviewed  herein  has  been  touched  on  In 
the  previous  sactlon  on  methodology.  In  the  process  of  describing  the  solu- 
tion technique  for  each  of  the  computer  programs  below,  reference  la  made  to 
the  methodology  moat  closely  fitting  tha  one  uaed  In  the  actual  program.  Any 
differences  In  methodology  between  what  waa  presented  earlier  and  what  la 
actually  done  In  the  program  should  only  be  minor.  The  reader  Interested  In 
all  the  finer  details  should  refer  to  the  original  source  material. 


Finite  Element  Structure-Continuum  Fluid  Programs 
1.  NAsa  STRuctural  Analysis  (HAS TRAN)  Appllcetlon-1  [46] 

Capability!  For  transient  problems,  tha  program  has  the  ability  to  accept  the 
application  of  the  doubly  asymptotic  approach  for  general  structures. 

Imp  lamentation  of  this  mat  hod  dost  not  exist  as  a fixed  format  In  the  pro- 
gram; however,  (38  , 48]  has  shown  how  to  duany  the  fixed  format  Input  to 
apply  thla  approach.  Tha  final  equations  to  be  solved  In  applying  tha 
method  prsscrlbed  by  [38]  are  In  s different  form  than  those  given  by 
Eqs.  (12)  and  (13).  Using  tha  method  of  (38]  In  conjunction  with  MASTRAN 
Is  awkward,  especially  If  one  does  not  write  a preprocessing  program  to 
prepare  soma  of  the  off  diagonal  mass  and  stiffness  matrices. 

Availability)  NAS  TRAN  is  currently  balng  managed  by  the  NAS  TRAN  Systems  Man- 
agement Office  at  NASA  Langley  Rssearch  Center,  and  the  latest  official 
version,  Level  13.3,  Is  available  from  COSMIC.  A level  16.0  is  going  to 
be  available  In  the  vary  near  future,  although  Its  Initial  distribution 
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will  be  on  a aelectad  uaar  baala.  Aa  of  thla  writing  no  new  fluid  etruc- 
ture  Interaction  capabllltlea  are  planned  to  be  included  In  level  16.0. 

Subjective  Comment a:  Although  the  docuaentatlon  of  the  NASTRAN  computer  pro- 

gram la  complete,  employing  the  program  to  aolve  fluid  atructure  Inter- 
action problema  by  the  procedure  outlined  In  [38]  ahould  be  left  only  to 
an  experienced  NASTRAN  uaer  with  a good  background  in  atructural  dynamlca 
and  acouatlca.  NASTRAN  la  certainly  a UOP,  however,  when  uaed  for  the 
above  application  it  ahould  be  viewed  aa  a ROP. 


2.  Earthquake  Analyala  of  gravity  Daaa  In  doing  Hydrodynamic  Interaction 

(EADHI)  [47] 


Capability:  The  program  la  written  apeclflcally  for  the  aolutlon  to  earth- 

quake oriented  problema.  The  dam  can  be  modeled  from  a aet  of  2D  quad- 
rilateral elementa  and  tha  fluid  la  repreaented  aa  a continuum  (l.e.,  via 
the  aolutlon  to  Eq.  (1)).  The  aolutlon  technique  la  like  that  dlscuaeed 
In  the  methodology  eectlon  on  partially  bounded  fluid  reglona.  The  dam 
la  loaded  by  vertical  and  horizontal  earthquake  motlona.  The  program 
hae  the  ability  to  aolve  the  ateady  atate  reaponae  directly  and  the 
tranalent  reaponae  Indirectly  by  the  method  of  Faat  Fourier  Tranaforma 
(the  FFT  approach  la  alao  diacuaaed  in  the  aolutlon  methodology  aectlon) . 

Availability:  Information  regarding  the  acqulaltlon  of  the  program  can  be 

achieved  by  contacting  co-author  A.  K.  Chopra  at  the  College  of  Engineer- 
ing, Unlverelty  of  California,  Berkeley,  California. 

Subjective  Coamwnta:  The  uaer'a  manual  [47]  la  well  written  and  appeara  to  be 
a UOP.  Although  a Hating  of  tha  program,  along  with  aample  problema, 
are  Included  In  the  manual,  no  detalla  of  the  inner  worklnga,  flow  charta, 
etc.,  are  preaentad.  The  program  la  relatively  new,  therefore,  It  haa 
not  had  much  of  a chance  to  be  widely  uaed. 


3.  Earthquake  Analyala  of  axlayaaMtrlc  Tower  atructure  Surrounded  by  Hater 

(EATSW)  [49] 


Capability:  The  tranalent  reaponae  to  aubmerged  aolld  axlaymmetrlc  towera 

excited  at  their  baaa  by  preacrlbed  earthquake  motlona  la  determined. 

The  atructura  la  built  up  from  aolida  of  revolution  elementa  having  an 
arbitrary  quadrilateral  croaa  aectlon.  The  fluid  la  modeled  aa  a con- 
tinuum, however,  compreaalblllty  of  the  fluid  la  omitted  (l.a.,  tha  bulk 
modulua,  1 * •,  which  Implied  tha  wava  apead,  c ♦ •).  Thua  the  wave 
equation  (1)  reducea  to  Laplace 'a  equation  wherein  tha  time  dependent 
variable  doaa  not  explicitly  appear  In  the  aquation  of  motion  for  the 
fluid.  In  the  caae  where  the  tower  la  a atralght  cylinder,  the  finite 
element  rapraaentatlon  of  the  atructura  la  coupled  to  a continuum  repre- 
aentatlon  for  the  fluid  by  applying  exact  eolutlone  for  the  fluid  field 
equatlone  analogoua  to  what  wax  diacuaaed  In  tha  methodology  aectlon  on 
partially  bounded  madia.  When  tha  ehape  of  tha  atructure  la  not  a right 
circular  cylinder,  tha  fluid  field  la  made  up  of  praaaure  fluid  elementa 
derived  from  an  integral  functional  equivalent  to  the  boundary  value 
problem  aaaoclated  with  Laplace'e  equation. 

Availability:  Sea  program  no.  2. 

Subjective  Commenta;  Same  aa  program  no.  2 except  reference  [49]  la  tha  uaer'a 
manual. 


4.  Underwater  Structuraa  Analyala  (USA-2) 


Capability:  All  the  programa  llatad  In  tha  aurvey  are  currently  operational 
with  the  exception  of  tha  program  deacrlbed  herein.  The  propoaed  program 
will  have  the  capability  of  treating  a aubmerged  ehcll-atructure  of  virtu- 
ally unreetrlctad  geometry  and  having  an  off-center  Internal  atructure. 

The  ayatem  la  eubject  to  tranalent  loadlnga  from  any  direction.  The  aolu- 
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technique  employ*  the  doubly  asymptotic  fluid  etructure  interaction  ap- 
proximation discussed  in  the  methodology  section. 

Availability:  The  program  la  not  yet  operational;  information  on  the  program 

can  be  obtained  by  contacting  the  Structural  Mechanics  Program  at  the 
Office  of  Navy  Research.  Use  of  the  program  vlll  be  limited  to  users 
within  or  associated  with  the  United  States  government. 

Subjective  Comments:  The  program  will  be  a UOP  version  of  the  original  ROP 
called  USA-1.  The  validity  of  the  approach  to  be  used  in  USA-2  has  been 
checked  out  in  detail  employing  both  USA-1  and  another  ROP  called  USSOR. 


5.  ARRAY  ANALYSIS  (not  known  by  a formal  acronym)  [S3] 

Capability:  The  program  solvaa  for  the  three-dimensional  steady-state  radia- 

tion response  emitting  from  either  cylindrical  shaped  or  box  shaped  struc- 
tures. Problems  with  prescribed  acoustic  velocity,  force,  or  mixed  condi- 
tions across  discrete  finite  elements  over  the  structure  surface  are 
treated.  The  solution  technique  follows  the  solution  technique  result- 
ing in  final  equations  similar  to  Eq.  (31)  except  that  the  source  method 
(resulting  in  Eq.  (48))  is  used  In  place  of  the  Helmoltt  surface  Integral 
method  (Eq.  (26))  for  relating  the  Interface  pressure  and  velocity. 

Fourier  expansions  of  the  response  (in  the  clrcusiferantlal  direction) 
are  applied  to  the  cylindrical  shaped  structures  when  applicable.  This 
reduces  the  core  storsge  requirements.  The  authors  have  a provision  for 
handling  the  cavity  resonance  problem. 

Availability:  Same  as  Program  no.  18. 

Subjective  Coaments:  From  outward  appearances,  the  documentation  for  the  pro- 

gram [53]  looks  like  there  is  enough  information  available  to  usa  it; 
however,  contact  with  individuals  who  have  triad  using  the  code  had  dif- 
ficulty exercising  it.  Part  of  the  problem  evolves  from  ths  fact  that 
the  program  is  oriented  towards  employing  SAMIS  [54].  Although  ths  SAMIS 
program  is  a good  program  from  a theoretical  and  general  purpose  point 
of  view,  it  is,  in  this  author's  opinion,  a rather  cumbersome  program 
to  use,  which  requires  the  user  to  write  a set  of  "Pseudo-Instructions" 
comparable  to  NASTRAN's  MAP  operations  each  and  every  time  one  solves 
a problem. 

Conversations  with  the  authors  indicate  that  with  minor  modifications, 
the  fluid  structure  interaction  program  [53]  could  be  reprogrammed  to  be 
free  of  SAMIS  and  perhaps  tic  in  with  a mors  commonly  used  structure 
code  such  as  NASTRAN.  At  this  point  in  tine,  this  program  is  not  being 
used  heavily.  The  program  is  viewed  as  a ROP. 


6.  Fluids  Interacting  with  STructures  (FIST)  [14] 

Capability:  The  program  treats  the  steady  state  response  of  arbitrary  shape 

structures  of  revolution  subject  to  both  radiation  and/or  incident  (scat- 
tering) type  loadings.  Ths  ability  to  solve  rib-stiffened  shells  is 
automatically  included  in  part  of  ths  program  scope.  The  program  formu- 
lation employs  the  Helmholtx  surface  integral  in  conjunction  with  neces- 
sary alterations  for  dealing  with  ths  cavity  resonance  problem.  The 
structure  characteristics  are  accepted  in  the  form  of  direct  stiffness 
and  mass  matrix  Inputs  whan  employing  the  direct  solution  option  (l.s. 
solution  to  Eq.  (33))  or  in  the  form  of  Eigenvalue  and  moda  shapes  when 
using  the  model  solution  option  (l.s.,  solution  to  Eq.  (43)). 

Availability:  Inquiries  regarding  this  program  should  be  addressed  to 

A.  Carlson,  Naval  Underwater  Systems  Canter,  New  London,  Conn.,  06320. 

Subjective  ComsMots:  With  the  possible  exception  of  the  form  of  the  input 
data  for  reading  in  the  structural  data,  ths  program  esn  be  viewed  as  a 
UOP.  Currently,  the  program  is  constructed  to  read  this  structural  data 
directly  from  an  output  tape  generated  by  ths  1108  vsrslon  of  the  NAS TRAN 
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program.  Du*  to  a defect  In  tha  1106  varalon  NASTRAN,  tha  modal  data 
cannot  ba  convanlantly  wrlttan  on  tap*  without  (lightly  altarlng  tha 
programing  logic  of  NASTRAN  and  adding  aoma  additional  DEMAP  inatruc- 
tlona . The  NUSC  varalon  of  NASTRAM  haa  baan  properly  altered.  By  mak- 
ing a minor  connection  In  tha  read  Input  programing  of  FIST,  It  can 
eaaily  ba  reprogramed  to  handle  mod*  ahape  data  generated  by  any  other 
general  purpoe*  atructurea  program. 

Another  unique  faatura  of  the  program  la  that  It  la  able  to  employ 
a rather  crude  (pacing  of  the  eurfaca  dlacratatlon  polnta  by  allowing 
tha  preaaure  and  velocity  to  vary  aa  a cubic  polynomial  variation  In 
the  aurface  coordinate*.  Thia  la  In  contraat  to  all  other  program* 
(e.g.,  Program  no.  5 which  la  of  tha  type  that  amploya  the  Helmholtz 
or  aource  method);  all  thaaa  other  codea  aeauma  a plecewlae  conatant 
repreaentatlon  (aomatimaa  known  aa  tha  platon  approach)  for  the  element 
by  element  aurface  dletributlon.  The  program  la  currently  an  "incore 
alee"  code;  however,  a much  larger  alee  problem  could  be  aolvad  by 
employing  "out  of  core"  matrix  operation*  which  are  not  currently  part 
of  the  program. 


7.  NAaa  STRuctural  ANalyala  (NASTRAN);  Application-2  [39] 

Capability:  Unlike  the  tranalent  NASTRAN  Appllcatlon-1  dlacuaaad  earlier, 

thla  approach  addreaaaa  ataady  atate  aolutlona  to  radiation  programa. 

The  aolutlon  technique  Involve*  the  joining  of  the  NASTRAN  program  [46] 
and  tha  XWAVE  program  [39].  Normally,  tha  XWAVE  program,  dcacrlbad  later 
aa  program  no.  17  la  for  aolvlng  purely  ateady  atate  radiation  problem* 
(l.a.,  working  only  with  Eq,  (1))  by  the  He  Imho  It*  Integral  approach 
(l.e. , the  aolutlon  to  Eq.  (26)  with  no  Incident  wave  tarn).  In* teed  of 
lnaerthg  Eq.  (26)  Into  the  equation*  of  motion  for  the  atructura  a*  don* 
In  the  development  leading  up  to  governing  Eq,  (25)  to  account  for  the 
dynamic  affect  of  fluid  preeeure  on  the  atructure  (aurface  mobility) . 

The  aradlflcatlon  term  to  tha  [L]  matrix  can  be  achieved  through  NASTRAN' a 
rigid  formate  8 and  11  for  dynamic  frequency  reaponae. 

Availability:  See  availability  for  NASTRAN  (Program  no.  1)  and  XWAVE  (program 

no.  17)  aaparately. 

Subjective  Comment*:  A* auming  one  1*  able  to  extract  tha  proper  Information 

from  NASTRAN  that  la  necaaaary  for  the  operation  of  XWAVE,  on*  la  (till 
faced  with  eaaantlally  the  aame  degree  problem  of  being  able  to  properly 
execute  the  XWAVE  coda.  Since  XWAVE  la  a ROP,  the  joining  of  NASTRAN 
and  XWAVE  la  alao  to  b*  viewed  av  a ROP  proceaa . Tha  aame  aubjectlva 
comment*  uaed  to  deacrlbe  XWAVE  alone  apply  her*  aa  well.  Correcting 
for  aom*  alight  difference*  In  reading  Input  data.  It  appear*  a email 
amount  of  reprograming  would  be  Involved  to  accept  the  aurface  mobility 
matrix  from  other  general  purpoe*  atructure  prograam,  thua  freeing  the 
uaer  from  a atrlct  dependence  on  NASTRAN. 


8.  Fluid  Structure  Interaction  of  Plate*  (SI34) 

Capability:  Tha  tranalent  reaponaa  of  plat**  in  fluid  1*  treated.  The  plat* 
la  rapreaented  by  It*  fixed -baa*  normal  mod**  In  vacuo.  Fluid  Interac- 
tion* are  accounted  for  by  the  Improved  doubly-aaymtotlc  approximation 
[6].  Input*  conalat  of  a apaclflad  motion  of  the  aupporta  for  the  plat* 
and  a ahockwav*  which  la  normally  Incident  on  on*  aid*  of  the  unbaffled 
plat*.  Reaponaa*  of  the  mode*  are  euperpoeed  to  find  tlma-hlatory  de- 
flection*, alopee,  curvature*,  (train*,  or  *tr*****.  A fourth-order 
digital  filter  1*  uaed  to  generate  *ample*  from  the  aolutlon  to  the 
fourth-order  differential  aquation*  repraaantlng  atructural  and  fluid 
effect*  for  each  nod*. 

81nc*  the  program  accept*  the  In  vacuo  modaa  a*  basic  Input,  th**e 
mod**  could  have  been  generated  from  any  finite  clamant  structure* 
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program  or  for  that  matter,  be  lnaarted  from  analytical  formulae. 
Availability:  Robert  Borte, 

Code  8444 


Navy  Reaearch  Lab 
Washington,  D.  C.  20375 

Subjective  Coamenta:  The  computer  code  la  a UOPj  although  no  fonaal  written 

documentation  exists,  the  program  la  "self-documenting"  on  a time-shared 
terminal.  An  unusual  feature  of  the  program  la  that  It  la  the  only  fluid 
structure  Interaction  code  that  employs  a recursive  digital  filter  to 
solve  the  transient  equations  of  motion.  An  undesirable  feature  Is  that 
the  coupling  of  modes  through  the  fluid  la  Ignored.  The  Impact  of  the 
uncoupling  on  the  solution  accuracy  la  not  clear. 


1 
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9.  A Computer  Program  for  Predicting  Acoustic  Radiation  of  Finite 
Elastic  Shelia  with  Internal  Structure  [57] 

Capability:  The  ateedy  state  radiation  from  general  elastic  bodies  of  revolu- 

tion are  treated.  Off  axis  of  revolution  structures  attached  to  the 
Inside  of  the  structure  are  handled.  The  solution  technique  Is  similar 
to  the  approach  that  results  In  a system  of  equations  whose  governing 
equations  are  of  the  form  of  Eq.  (43),  where  the  source  method  (Eq.  (42)) 
la  used  to  relate  the  surface  pressure  and  velocity. 

Availability:  See  Program  no.  4. 

Subjective  Comments:  The  code  can  be  considered  a UOP,  hoever,  due  to  Its 

generality.  Its  operation  can  by  no  means  be  considered  as  "push  button" 
as  far  aa  exercising  It  la  concerned.  Using  the  program  requires  a six 
step  process  wherein  three  major  sub-programs  (BOSOR4,  ARAB,  and  SNAAP) 
are  required  to  solve  a complete  problem.  Documentation  Is  provided. 


10.  Acoustic  RAdlatlon  from  finite  elastic  Bodies  (ARAB)  [58] 

Capability:  The  capabilities  are  essentially  the  same  as  Program  9 except  that 

the  methodology  for  treating  internal  structures  la  not  covared. 
Availability:  Sea  Program  no,  4. 

Subjective  Comments:  The  code  la  a UOP.  Documentation  program  listing  and 
sample  problems  are  provided. 


Finite  Element  Structure-Finite  Element  Fluid  Programs 


11.  NAsa  STRuctural  ANalysis  (NASTRAN) ; Application-3  [46] 

Capability:  The  program  has  bullt-ln  pressure  type  elements  (railed  CIXUID1 

elements)  and  are  described  through  RINGFL,  PRESPT  snd  FREEPT  type  fluid 
nodes.  The  elements  ars  daslgnsd  to  operate  in  contained  tanks  that  may 
have  either  rigid  or  elastic  walls.  These  special  elements  have  the  fol- 
lowing restrictions: 

1.  The  user  may  not  apply  loads,  constraints,  sequencing  or  omitted 
coordinate  directly  on  the  fluid  nodes  Involved.  Instead,  the  user  sup- 
plier Information  related  to  the  boundaries  and  NASTRAN  Internally  gener- 
ates the  correct  constraints,  sequencing  and  matrix  terms. 

2.  The  Input  data  to  NASTRAN  may  Include  all  of  the  existing  opera- 
tions except  the  axis  sjrametrlc  structural  element  dets  (e.g.,  axlsym- 
netrlc  shell  elements  cannot  be  ussd). 

3.  The  fluid  must  lie  within  the  walls  of  an  open  or  closed  tank. 

4.  The  first  6 rigid  formats  of  NASTRAN  may  not  be  used  In  conjunc- 
tion with  these  elements.  NASTRAN  assumes  the  walls  of  tha  container  take 
rigid  for  these  first  6 rigid  formats  but  allows  alastldty  for  tha 
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remaining  6 (fortunately  direct  frequency  and  direct  traneient  response 
are  Included  in  the  remaining  6). 

5.  No  means  are  provided  for  the  direct  input  of  applied  loads  on 
the  fluid.  Loading  must  come  through  the  motion  of  the  walla. 

Availability:  See  Program  no.  1. 

Subjective  Comments:  The  list  of  constraints  that  are  placed  on  the  usage  of 

these  elements  rather  aeverely  limits  the  range  of  application,  particu- 
larly in  the  case  where  unbounded  fluid  regions  are  of  interest.  Even 
within  these  constraints,  [59]  however,  some  rather  interesting  appli- 
cations to  acoustic  noise  problems  associated  with  automobiles  have  been 
found. 

Another  unique  feature  that  the  NASTRAN  program  haa  is  the  ability 
to  treat  the  free  surface  problem  and  Include  gravity  terms  into  the 
fluid  aquations  of  motion. 

Using  NASTRAN  in  the  context  of  the  application  described  under  Pro- 
gram no.  11  puts  it  in  the  UOP  class. 
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12.  MARTSAM  IV  [60] 


Capability:  The  MARTSAM  computer  code  is  a general  purpose  code  capable  of 

solving  a wide  variety  of  structures  problems.  One  option  in  the  pro- 
gram is  the  ability  to  solve  fluid  structure  iteration  problems  for 
general  structures  surrounded  by  pressure-type  fluid  elements . Provisions 
are  included  to  handle  the  wave  absorbing  boundary  problem  for  unbounded 
fluid  regions. 

Availability:  Information  regarding  the  acquisition  of  the  program  should  be 

addressed  to  NAVSHIPS,  Code  PMS  3-2-421,  United  States  Navy. 

Subjective  Comments : It  appears  that  no  rigid  format  exists  for  employing  the 

fluid  structure  interaction  option  in  the  program.  A good  deal  of  prior 
experience  with  the  program  is  needed  before  one  can  execute  this  option. 

A set  of  matrix  operation  controls,  (comparable  to  the  DMAP  operations 
in  NASTRAN  or  the  Pseudo-Instructions  of  SAMIS)  must  be  written  by  the 
user.  For  a person  not  familiar  with  MARTSAM,  it  could  take  weeka  before 
one  is  able  to  Interpret  tha  manuals  and  solve  e complete  fluid  structure 
interaction  problem. 


13.  NAsa  STRuctural  ANalyals  (NASTRAN);  Appllcatlon-4  [46] 

Capability:  The  fluid  structure  capability  referred  to  here  is  discussed  in 

tha  methodology  section  on  mock  fluid  elements. 

Avallsblllty:  See  Program  no.  1. 

Subjective  Comments:  NASTRAN  should  be  viewed  as  a ROP  for  the  purpose  of  ap- 

plying the  mock  fluid  element  approach.  Actually,  many  dynamic  structures 
programs  can  be  converted  to  employ  mock  elements  so  long  as  they  have  the 
slipping  boundary  option,  the  ability  to  accept  an  arbitrary  stress  strsln 
matrix,  and  have  one,  two,  or  three-dimensional  solid  elements. 


14.  Finite  Element  Analysis  of  Cyllndsr  Transducers  [50] 

Capability:  The  radiation  steady  state  response  to  submerged,  finite  length 

cylinders  is  treated  by  the  application  of  a aeries  of  three  auxiliary 
programs  called  DATFFC,  MRTFFC,  and  FRQFFC.  The  finite  element  representa- 
tion of  these  cylinders  can  be  composed  of  arbitrary  solid  of  revolution 
elements  having  an  optional  plesoelectrlc  term  in  the  constitutive  equa- 
tions if  needed.  The  methodology  employs  finite  elements  for  both  the 
structure  and  part  of  the  fluid  (out  to  e spherical  region,  of  radius  R», 
which  surrounds  the  structure).  The  boundary  condition  at  the  radius  of 
the  sphere  is  handled  by  consideration  of  tha  exact  solution  to  the 
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Helmholtz  aurface  Integral.  Theae  datalla  are  dlacuaaad  In  the  method- 
ology aectlon  under  placement  of  the  outer  fluid  boundary. 

Availability:  Further  Information  on  the  program  can  be  obtained  by  contact- 

ing Hobart  Smith  at  the  Naval  Undent*  Canter,  San  Dlago,  Calif.,  92132. 

Subjective  Conzaenta:  To  date  [50]  la  the  only  written  documentation  on  the 

computer  program.  Thle  refare  ice  waa  never  meant  to  eerve  aa  the  uaer'a 
manual,  however,  It  doea  give  an  overall  Idea  of  how  to  atrlng  the  necee- 
aary  aub-programa  together  for  eolvlng  a particular  problem.  Thla  pro- 
gram la  unqueatlonably  a HOP  type,  however,  the  availability  contact  cited 
above  expreaaed  an  lntereat  In  aaalating  peraona  wanting  to  uae  the  code. 
The  approach  haa  been  checked  out  agalnat  theory  and  experiment  [16,  51] 
and  It  appeara  to  give  excellent  reaulta. 

The  advantage  of  ualng  the  Intermediate  preaaure  fluid  finite  ele- 
menta  out  to  radlua  R0  over  the  approach  of  repreaentlng  the  entire  fluid 
field  with  the  continuum  approach  appeara  to  be  a queatlon  of  computer 
running  time.  Both  peraonal  contact  with  the  author  and  atatementa  In 
[50]  Imply  that  the  main  advantage  la  avoiding  having  to  "numerically 
evaluate  numeroua  and  expenalve  lntegrale"  which  la  the  reaaon  the  ap- 
proach runa  faater. 

The  fact  that  the  number  of  unknowna  In  the  aolutlon  la  larger  for 
the  approach  conaiderlng  intermediate  finite  elementa  than  the  approach 
repreaentlng  the  entire  fluid  aa  a continuum  appeara  to  weaken  the  aavlnga 
one  makea  by  avoiding  having  to  numerically  evaluate  the  Helmholtz  eur- 
face Integral.  The  authora  did  not  give  any  apeclflc  numbera  on  running 
time  aavlnga. 


IDEAL  STRUCTURE-CONTINUUM  FLUID  PROGRAMS 

Thla  claaa  of  programa  deala  atrlctly  with  the  wave  equation  (1)  to  obtain 
problem  aolutlona.  The  atructure  la  Ideal  In  the  aanaa  that  It  la  repraaanted 
by  aome  elmple  boundary  condition  on  the  wave  equation  (e.g.,  a rigid  aurface) . 
Program  numbera  5,  6,  and  10  already  have  thla  capability  aa  an  option  In  the 
program,  therefore  will  not  be  dlacuaaed  In  thla  aubaectlon.  Finally,  moat 
of  the  progrmzM  dlacuaaed  under  the  abova  heading  can  be  uaad  to  obtain  the 
aurface  preaaure  velocity  relation  (e.g.,  Eq.  (26)  or  Eq.  (48))  for  uae  In 
conatructlng  one'a  own  fluid  atructure  Interaction  coda. 


15.  CHIEF  [61] 

Capability:  Thla  program  computaa  the  preaaure  field  radiated  from  bodlea  of 

arbitrary  ahape,  given  the  normal  velocity  dletrlbutlon  on  the  aurface 
of  the  body.  The  method  employe  the  aurface  Helmholtz  Integral  technique 
In  conjunction  with  the  proper  correctlona  for  the  cavity  reaonance  prob- 
lem. The  program  employe  a placevlaa  conatant  preaaure  dlatrlbutlon  over 
the  Helmholtz  integral  dlecretlzatlon. 

Availability:  See  Program  no.  14. 

Subjective  Co«wnta:  The  lack  of  formal  documentation  on  thla  coda  haa  to 

claaalfy  It  aa  a HOP.  Upon  examining  [61],  It  appeara  that  It  would  be 
difficult  to  run  the  program  with  thla  document  alone.  Thla  la  unfortu- 
nate alncc  the  technical  quality  of  the  code  la  vary  good. 


16.  Acouatlc  Ana ly a la  for  Large  Cylindrical  Arraya  [52] 

Capability:  The  program  la  primarily  daalgnad  to  aolva  the  ateady  etate  radia- 
tion field  emitting  from  a rigid  aurface  having  a preecrlbed  velocity 
field.  The  program  uaea  the  Helmholtz  aurfaca  Integral  approach,  dee- 
crlbad  In  the  aolutlon  methodology,  reeultlng  In  Eq.  (26)  (with  the  Inci- 
dent wave  term  aet  equal  to  aero).  No  provlelon  la  made  to  handle  the 
cavity  reaonance  problem  (l.e.,  the  enforcement  of  a relation  Ilka  Eq.  (27) 
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is  not  built  into  the  formulation).  Also,  a piecewise  constant  distri- 
bution of  pressure  and  normal  velocity  Is  taken  over  the  surface  of  the 
structure. 

Availability ; Information  on  obtaining  the  program  can  be  obtained  from 
J.  P.  0.  Wilkinson,  General  Electric  Corporate  Research  A Development, 
Schenectady,  New  York,  12305. 

Subjective  Comments:  Although  the  program  la  meant  to  be  a UOP,  the  amount 

of  control  cards  (64  In  all)  needed  to  handle  all  out  of  core  tape  and 
disk  operations  implies  that  one  la  going  to  have  to  work  closely  with 
a computer  systema-typa  person  In  order  to  Install  the  program.  The 
program  does  not  appear  to  be  actively  In  use  at  this  time.  Reference 
(52)  serves  as  the  user's  manual  which  Includes  sample  problems  and 
proper  listings. 


17.  XWAVE  [39] 

Capability:  Same  as  Program  no.  15,  except  cavity  resonance  problem  not 

treated . 

Availability:  For  program  acquisition,  contact  F.  M.  Henderson,  Computation 

and  Mathematics  Department,  Naval  Ship  Research  and  Development  Center, 
Bethcsda,  Maryland  20034. 

Subjective  Comments:  No  formal  documentation  exists  for  the  ROP  other  than 

[39] , consequently  Information  regarding  exercising  the  progrem  must 
be  obtained  directly  from  the  author.  The  program  requires  the  mobility 
matrix  (l.a.,  tha  expression  for  V In  Eq.  (31))  with  the  T and  C matrices 
omitted.  The  user  has  the  burden  of  generating  the  Inverse  of  this  ma- 
trix, which  may  become  a problem  for  large  sice  structures.  No  parallel 
modal  analyals  la  given.  The  program  la  not  heavily  used  as  of  this 
writing. 


18.  Computer  Program  for  Solving  Two-Dimensional  Radiation  Problems 

(GERAD2)  [62] 

Capability:  Tha  sourca  strength  method  la  used  to  solve  two-dimensional 

radiation  and  scattering  problems  Involving  bodies  of  arbitrary  shape 
with  known  boundary  conditions.  The  program  employs  a piecewise  con- 
stant source  distribution  In  evaluating  ths  source  Integrals.  A means 
for  handling  ths  cavity  resonance  problem  Is  not  expllcltal.y  Included. 

Availability:  Inquiries  regarding  this  program  should  be  addressed  to 

R.  P.  Radllnskl,  Naval  Underwater  Systems  Center,  New  London,  Conn.,  06320. 

Subjective  Comments:  Ths  documentation  of  this  UOP  exists  and  Is  Included  as 
part  of  [62].  The  program  receives  moderate  usage,  mainly  at  NUSC. 


19.  Numerical  Calculation  of  Acoustic  Normal  Modes  Programs  (63) 

Capabilities:  A series  of  three  related  computer  programs  are  available,  each 
of  which  can  find  ths  elgnevalues  and  eigenfunctions  of  acoustic  normal 
modes  In  ths  ocean  based  on  solutions  to  tha  wavs  equation  (1).  Ths  pro- 
grams era  based  on  an  Iterative  finite  difference  schema  and  a method 
based  on  ths  Venttel-Kramers-Irlllouln  (WO)  approximation  of  quantum 
mechanics.  Frsa  surface  and  flexible  bottom  boundary  conditions  are 
treated  wherein  tha  fluid  sound  wavs  can  vary  with  depth. 

Availability:  The  program  listings  are  not  very  long  and  ere  given  In  the  back 
of  [63].  The  author  was  not  reached  for  comments. 

Subjective  Comments : Tha  finite  difference  and  VM  approaches  give  comparable 
accurate  results,  however,  tha  WO  based  program  runs  faster. 
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20.  Helmholtz  Acoustic  Wavs  Program  (32Q)  [64] 

Capabilities:  The  program  employs  the  aourca  distribution  method  daacrlbed  in 

the  methodology  section,  for  datenainlng  the  pressure  response  to  a sur- 
face vibrating  in  a known  manner  (radiation)  or  the  scattering  of  an 
Incident  acoustic  wavs  by  a surface  with  known  values  of  impedance.  The 
program  has  the  capability  of  slsniltanaous  calculation  of  solutions  for 
several  different  boundary  conditions  for  the  same  body  shape  and  driving 
frequency. 

Availability:  Contact  the  author  or  the  Naval  Ship  Systems  Command  Ceneral 

Hydromechanics  Rase/.rch  Program  of  the  Naval  Ship  Research  and  Develop- 
ment Center,  Bethesda,  Maryland. 

Subjective  Comments:  Tha  formal  documentation  of  this  UOP  [64]  is  perhaps  the 

most  clear  and  complete  of  all  the  programs  in  this  class.  The  cavity 
resonance  problem  is  not  treated.  A piecewise  constant  pressure  distri- 
bution of  sources  is  assumed  for  the  surface  integral  evaluations,  thus 
requiring  a fine  distribution  of  surface  zones. 


21.  Calculation  of  Sound  Radiation  Prom  A Vibrating  Surface  of  Revolution  [65] 

Capabllltlea:  The  capabilities  of  this  program  are  Ilka  those  of  Program  no. 

17,  however,  this  coda  is  specialized  to  an  arbitrary  surface  of  revolu- 
tion rather  than  a general  three-dimensional  aolid. 

Availability:  An  eight  pags  listing  of  tha  program  is  located  in  tha  back  of 

[65]. 

Subjective  Comrnta:  The  documentation  for  this  UOP  can  be  found  in  [65]. 

Surface  Integrals  ars  evaluated  by  placewlae  constant  reprasantatlona 
lor  pressura  and  velocity.  No  provisions  are  made  to  handle  the  cavity 
resonance  problem. 


22.  NAaa  STRuctural  /dialysis  (NASTRAN) ; Application-5  [46] 

Capability:  Tha  cavity  vibration  modes  of  compressible  fluids  (represented  by 

the  wave  aquation  (1)  existing  in  rotatlonally  symmetrical  cavities 
(that  optionally  could  have  had  sharp  corner  slots)  are  treated.  This 
capability  was  originally  Implemented  to  handle  solid  rocket  motor  fuel, 
hence  tha  emphasis  on  the  slots.  The  shape  of  tha  cavity  nay  consist 
of  a circular  center  volume  surrounded  by  equally  spaced  narrow  radial 
slots.  The  width  and  depth  of  the  slots  bnd  the  diameter  of  the  center 
volume  may  vary  along  tha  axis  of  the  cavity,  A finite  element  model  is 
defined,  using  pressurs-typs  elements,  by  a set  of  two-dimensional  ele- 
ments lying  on  the  canter  plana  of  oue  slot  end  on  the  corresponding 
cross  section  of  the  center  voIusm.  NASTRAN  Rigid  Format  3 is  employed 
to  exercise  this  capability. 

Availability:  Same  as  Program  no.  1, 

Subjective  Comments:  NASTRAN  Is  to  be  viewed  ss  a UOP  for  this  particular 

application.  Rafersnca  [59]  has  employed  soma  interesting  appllcstlons 
of  the  option  for  automobile  noise  problems. 


continuum  structure-continuum  fluid  programs 

Many  POP 'a  exist  that  treat  special  fluid  structure  interaction  problems  whose 
physical  description  is  simple  enough  to  permit  sn  analytical  solution  spproach. 
Since  these  programs  have  a lass  general  range  of  applicability  than  the  pre- 
vious computational  oriented  programs,  only  a brief  description  of  the  program 
will  be  given. 
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TV.,.  ...  ..v.r.i  submerged  rib  stiffened  cylinder  ROP  type  program.  that 
of  programs  addressing  this  dm  problem, 


Prograa 

Number 

23 

Prograa 

Naaa 

HASD 

A.  Hararl  (NUSC) 

M.  L.  Baron 

(F.  Heid linger  Aaaoc.) 

Availability 

Information 

Sea  Program  no.  4 

24 

STOCT 

A.  Harari  (NUSC) 

H.  L.  Baron 

(P.  Heid linger  Aaaoc.) 

Saa  Program  no.  4 

25 

FLSSI 

R.  J.  Scavuzzo 
Dept,  of  Mechanical  Eng. 
Univ.  of  Akron 
Akron,  Ohio  44325 

Contact  program 
author 

26 

FLUSH 

A.  Hararl  (NUSC) 
E.  Sandaan  (NUSC) 

Prograa  Authors  at 
Naval  Underwater 
Systems  Canter 
(NUSC) 

New  London,  Conn. 
06320 

27 

HTVHIP3 

M.  Garrelic 
Cambridge  Acouetical 
Aaaoc late 

1033  Maaaachuaatta  Ava. 
Cambridge,  Maaa.  02138 

See  Program  no.  4 

28 

USSOR 

Tom  Caere 

Lockheed 

Palo  Alto  Reeaarch  Lab 
3251  Hannover  St. 

Palo  Alto,  Calif.  94302 

See  Program  no.  4 

3Thle 

treat*  tha 

shall  aa  a beam  in  banding. 
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INTRODUCTION 

A rotating  machine  la  a ayatea  of  component!  and  the  vibration  characterls- 
tica  of  the  rotor  are  a function  of  many  of  theae  component!.  If  one  attempta 
to  eatablleh  the  reaponae  or  atablllty  of  a high  speed  machine,  on  fluid-film 
bearlnga,  and  doea  not  accurately  repreaent  the  bearing!,  reaulta  will  proba- 
bly be  groaaly  In  error.  The  bearing!  introduce  croaa-coupled  atlffneaa  and 
damping,  can  produce  whirl  lnatabillty,  and  ahlft  critical  speeds  algnlflcant- 
ly  from  where  they  might  be  predicted  If  the  bearlnga  are  overalmpllfled. 
Similarly,  floating  ring  aeala,  flexible  foundatione,  aerodynamic  and  hydrau- 
lic excltatlona,  etc.,  are  all  part  of  the  rotor  ayatem.  No  matter  which 
computer  codea  are  available.  If  the  ayatem  la  not  properly  repreaented  vibra- 
tional performance  cannot  be  accurately  produced.  Thla  chapter  deacrlbea  the 
Important  conalderatlona  of  the  aeparate  component!,  and  the  ayatem,  and 
dlacuaeea  available  computer  codea. 

NOMENCLATURE 


Amplitude  vector 
Radial  clearance,  in. 

Damping  matrix 

Damping  In  1 direction  due  to  velocity  In  ] direction 
Shaft  diameter.  In. 

Pitch  of  Shoe  I,  rad. 

Incremental  force  In  1 direction,  lba 
Force  on  ahaft  In  X direction,  lba 
Force  on  ehaft  In  Y direction,  lba 
Unbalance  force  vector 
Local  film  thlckneea,  In. 


H • h/e 

;? 

ia 

L 

[M] 

MI 

m 

N’ 

N 

P - p/Pr 
(P) 

R 

S 


Kon-dlaenalonal  film  thlckneaa 
Polar  moment  of  Inertia 
Tranaverae  moment  of  Inertia 

Stlffnean  In  1 direction  due  to  displacement  In  j direction 
Spring  atlffneaa  matrix 
Bearing  length,  In. 

Mas*  matrix 

Moment  on  shoe  I,  in-lba 

Journal  mass 

Shaft  spaed  In  rev/sec 

Shaft  speed,  rpm 

Non-dimensional  pressure 

External  load  vector 

Bearing  radius,  In.  , 

Sommerfsld  Number  - (pN'LD/w)  (E/C)4 
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T - U;/2L  ■ Non-dimensional  time 
t » Time,  aec 

U - Surface  tangential  velocity,  in. /aec 
(U)  • Displacement  vector 
Uj  • Reference  velocity,  in. /aec 
v • Surface  speed,  in. /sec 
W - Bearing  load,  lbs 
{ W}  * Gravity  load  vector 

X,Y  - X,Y  displacement  and  velocities  (Table  1)  of  journal  in  stiffness 
and  damping  matrices  respectively 

x ■ Surface  coordinate  in  direction  or  tangential  velocity  in  Reynolds 
equation;  shaft  displacement  in  x direction 
X ■ X/L  - Non-dimensional  coordinate 

y • Surface  coordinate  in  direction  normal  to  tangential  velocity; 
shaft  displacement  in  Y direction 
Y - y/L  - Non-dimensional  coordinate 
a - Real  part  of  eigenvalue,  S 

S - Complex  eigenvalue  (real  part  la  growth  factor,  imaginary  part  is 
frequency) 

A • 6uUjL/PrC2  • Speed  parameter 
u ■ Absolute  viscosity,  lb-sec/in2 
p * Fluid  density,  lb-sec^in4 
u * Imaginary  part  of  eigenvalue 


FLEXIBLE  ROTOR  DYNAMICS  ANALYSIS 

There  are  a variety  of  computer  codes  available  for  determining  performance 
of  a flexible  rotor.  A flexible  rotor  may  be  modeled  as  a series  of  disc 
elements  connected  by  beam  elements  (see  Fig.  1). 

The  rotor  la  supported  by  bearings  which  can  also  be  reelllently  mounted. 
In  general,  the  theoretical  development  starts  by  examination  of  a free  body 
that  includes  a disc  element  and  shaft  elements  on  either  aide.  The  moment 
and  shear  from  adjacent  beam  elements  are  usually  determined  from  beam  theory 
equations.  In  all  programs  there  are  rertaln  general  assumptions  auch  as: 

1.  lateral  excursions  of  th«i  shaft  are  small  in  magnitude 

2.  the  rotating  assembly  la  axlsymmetrlc 

In  some  programs  the  ehaft  elements  are  lumped  at  the  discrete  nodal 
points  selected  to  represent  the  shaft  system.  The  rotor  is  subdivided  into 
finite  elements.  The  mass  of  each  elaamnt  is  divided  into  two  parts  and 
placed  at  the  nodes  of  the  element.  Discs  such  as  turblna  wheels  and  impel- 
lers that  are  mounted  on  the  shaft  are  made  to  coincide  with  nodal  points, 
and  they  are  treated  as  rigid  bodies  with  associated  mass  and  inertias.  Thus, 
the  mathematical  model  constructed  to  represent  the  rotating  assembly  is  com- 
posed of  a series  of  lumped  masses  and  rigid  discs  connsctsd  by  weightless, 
flexible  beams.  Inasmuch  as  the  actual  rotor  is  a continuous  system  with  an 
infinite  number  of  degrees  of  freedom,  the  replacement  of  this  system  by  s 
model  having  a finite  number  of  degrees  of  freedom  clearly  requires  engineer- 
ing judgement.  In  general,  accuracy  of  the  computed  result  depends  to  a 
large  extent  on  the  model  chosen  to  represent  the  system.  However,  in  prac- 
tice, a reasonable  number  of  masses  will  yield  accurate  results. 

Generally,  with  the  lumped  mase  approach  the  transverse  and  polar  mo- 
menta of  inertia  of  the  shaft  are  neglected.  A shaft  clamant  is  thus  limited 
to  two  degrees  of  freedom,  which  are  X and  Y translations.  Disc  elements 
have  four  degrees  of  freedom,  X and  Y translations  and  rotations  about  orth- 
ogonal axes.  Although  it  is  possible  to  Include  the  angular  degrees  of  free- 
dom for  shaft  elements,  it  has  generally  been  found  that  the  additional  degrees 
of  freedom  do  not  provide  a commensurate  increase  in  the  accuracy  of  the 
results,  and  la  not  worth  the  Increased  computlonal  time  Involved. 

When  the  entire  system  is  considered,  s matrix  of  dynamic  equations  re- 
sults, and  there  are  as  many  equations  as  there  are  degrees  of  freedom  in  the 
rotor  representation. 
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The  equations  can  take  on  a variety  of  forma  depending  upon  the  approach 
used  in  their  generation.  In  some  programs  a straightforward  Newtonian 
approach  is  employed  where  beam  theory  equations  are  applied  to  obtain  moments 
and  shears.  In  more  sophisticated  programs  the  complete  rotor  bearing  system 
is  set  up  into  stiffness  and  damping  matrices  Including  the  bearing  represen- 
tations. In  so  doing,  many  of  the  principles  of  the  theory  of  elasticity  are 
used  for  deriving  stiffness  and  damping  matrices.  A typical  set  of  equations 
can  be  written  as  follows: 


(mi  an  + (cj  an  + [k]  (u>  - (p>  + {w>  + (g) 


(1) 


where  {U )..!»  a column  vector  containing  all  the  system  degrees  of  freedom, 

(O)  and  (U)  the  time  derivatives  of  (U).  [M]  is  a diagonal  mass  matrix  cor- 

responding to  the  degrees  of  freedom  in  {U}.  Since  rotating  inertia  proper- 
ties of  the  shaft  are  neglected,  components  of  [M]  corresponding  to  those 
degrees  of  freedom  will  be  zero  except  at  stations  with  discs.  [C]  contains 
the  damping  matrix  of  the  bearings  and  the  gyroscopic  coefficients  of  the 
discs.  [Kj  is  an  assembly  of  the  stlffneaa  matrices  of  all  shaft  elements  and 
those  of  the  bearings.  The  column  vector  (G)  contains  the  unbalance  forces. 

(P)  and  fW)  are  the  external  and  gravitational  load  vectors  respectively. 

Two  studies  are  often  conducted.  These  are  labeled  stability  and  re- 
sponse. For  stability,  the  rotor  la  considered  operating  quiescently.  A 
small  disturbance  is  applied,  and  it  is  then  determined  whether  the  response 
to  this  disturbance  will  grow  or  decay  in  time.  If  the  response  grows  then 
self  excited  Instabilities  are  present.  It  should  be  noted  that  self  excited 
Instabilities  are  usually  cauced  by  crosa-coupllng  Influences.  This  means 
that  a force  applied  in  one  direction  la  not  only  resisted  by  a collnear  force, 
but  also  produces  a force  orthogonal  to  the  applied  force.  Thus,  there  la 
some  motion  orthogonal  to  the  direction  of  the  applied  force  and  whirling  of 
the  rotor  occurs.  Prime  sources  of  whirl  are  fluid-film  bearings  and  aero- 
dynamic forces. 

For  stability  calculations,  there  are  no  external  forces  and  moments 
acting  on  the  system.  Equation  (1)  becomes 


(Ml  (U)  + (C]  (U)  + [KJ  00  - 0 


(2) 


Here,  the  displacements  and  rotations  are  taken  to  be  small  excursions  from 
a known  equilibrium  configuration.  Assuming  the  solution  to  be  of  the  form 


(U)  - (a)  e 


where  8 is  a complex  quantity  Eq.  (2)  becomes: 

(M  82  + CB  + KJ  (a)  » 0 


(3) 


Equation  (3)  is  a set  of  linear  algebraic  equations  describing  an  eigenvalue 
problem.  The  determinant  of  the  coefficient  matrix  must  vanish.  Expansion  of 
the  determinant  ylelde  a characteristic  polynomial  whose  order  Is  2N,  where 
N equals  the  number  of  degrees  of  freedom  or  the  number  of  equations.  A 
simplified  explanation  of  the  etablllty  theory  Is  discussed  in  the  section 
dealing  with  bearing  stability. 

The  polynomial  is  then  solved  for  the  roots  of  B.  The  real  part  of  B Is 
the  growth  or  attenuation  factor,  A positive  number  Implies  an  instability. 
The  more  negative  the  reel  part  la,  the  more  damped  Is  that  particular  soda 
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of  vibration.  The  imaginary  part  of  the  root  provldea  the  frequency  of  vibra- 
tion of  any  particular  mode.  After  the  natural  frequenciea  and  growth  factora 
are  determined,  the  roots  of  $ can  be  substituted  back  into  Eq.  (2)  and  rel- 
ative amplitudes  (a)  determined.  This  will  produce  the  mode  shape  or  deflect- 
ed shape  of  the  rotor  for  that  particular  mode.  Thua  the  information  obtain- 
able from  the  stability  analysis  is  quite  considerable.  It  includes: 

1.  Information  as  to  whether  the  system  la  stable  or  not,  and  to  what 
degree  (growth  factors). 

2.  The  natural  frequencies  of  vibration.  This  Information  also  pro- 
vides critical  apeeda,  because  if  a natural  frequency  coincides  with  an 
operating  speed,  then  a critical  speed  exists. 

3.  The  stability  analysis  also  provides  the  shape  of  the  deflected  rotor 
for  each  mode  of  vibration. 

Figure  2 shows  results  of  a stability  analysis  and  how  they  are  Interpreted. 
Two  modes  of  vibration  are  traced  over  a speed  range.  Both  the  growth  factor 
and  response  frequency  of  each  mode  are  Indicated.  Mode  1 becomes  unstable  at 
about  16,000  rpm,  since  at  this  point  it  begins  to  go  positive.  At  the 
threshold  of  instability  the  frequency  of  mode  1 is  about  8,000  rpm.  Thua, 
the  unstable  frequency  la  about  half  the  operating  speed  indicative  of  some 
half-frequency  whirl  condition.  If  the  mode  shape  was  a characteristic  first 
bending  mode,  then  that  would  be  the  shape  of  the  deflected  rotor,  as  it 
orbited  at  approximately  half  frequency!  Mode  2 does  not  become  unstable. 
However,  intersection  of  the  modal  frequency  with  the  line  in  which  the  oper- 
ating speed  equals  the  response  frequency  (45*  straight  line)  is  a critical 
speed.  For  mode  2 this  occurs  at  a point  where  the  growth  factor  is  not 
highly  negative.  Thus  a potential  unbalance  response  problem  may  occur  at 
this  point,  and  the  system  should  be  examined  to  determine  the  absolute  ampli- 
tude of  unbalance  respo.iae. 

Figure  3 shows  a critical  speed  map  for  a multi-disc  machine,  supported 
by  bearings  at  either  end.  The  rotor  will  pass  through  a large  variety  of 
different  modea. 

In  some  rotors,  such  as  this,  horizontal  and  vertical  nodes  separate  very 
distinctively;  on  other  machines  there  is  only  one  distinguishable  first  bend- 
ing mode.  The  parenthetic  nomenclature  on  Fig.  3 indicates  the  primary  plane 
of  vibration  and  where  the  maximum  amplitude  occurs.  The  conical  mode  is  a 
rigid  body  type.  Two  mode  shapes  are  indicated  on  Figs.  4 and  5.  The  letter 
B indicates  a bearing  location  and  the  reference  line  is  the  undeflected  rotor. 

If  a mode  occurs  at  a bearing,  as  shown  on  Fig.  4,  then  a bearing  change  would 
not  be  helpful  in  attenuating  this  mode.  If  the  mode  however,  is  deflected  as 
ahovn  in  Fig.  5,  there  are  large  displacements  at  the  bearing  locations.  In 
this  situation  a bearing  change  could  be  helpful.  In  general,  there  would  be 
two  curves  for  each  mode;  one  in  the  horizontal  plane,  and  one  in  the  vertical 
plane.  For  clarity,  only  single  curves  are  shown  on  Figs.  4 and  5. 

The  second  significant  type  of  computation  is  called  a response  analysis. 
Here  actual  amplitude  response  is  determined  as  a function  of  unbalance  or 
other  specified  external  excitations.  In  other  words,  a complete  solution  to 
Eq.  (1)  is  accomplished.  Very  often  a time-transient  scheme  is  employed  in 
which  time  la  discretized  into  finite  Increments.  At  each  time  step  new  dis- 
placements are  computed  using  information  from  the  previous  time  step.  A time 
history  of  the  motions  of  the  rotor  at  each  shaft  location  is  thus  produced. 

There  are  various  methods  of  describing  the  mathematical  procedures  [1,  21. 

A typical  response  plot  is  shown  on  Fig.  6.  Theoretically,  the  information 
obtained  from  a response  case  is  what  could  be  seen  by  orthogonal  displacement 
probes  that  monitor  the  notions  of  the  rotor  at  a particular  location. 


BEARING  REPRESENTATION 

It  is  essential  that  bearings  be  appropriately  represented.  This  is  espe- 
cially true  if  fluid-film  bearings  ara  used.  The  cross-coupled  spring  and 
damping  characteristics  of  bearings  can  Influence  non-synchronoue  response  and 
critical  apeads. 
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The  cross-coupled  coefficients  are  generally  obtained  from  separate 
bearing  computer  codes  (see  section  on  fluid-film  bearing  programs).  It  Is 
generally  necessary  to  determine  the  steady-state  operating  position  of  the 
Journal  In  the  bearing  and  accomplish  displacement  and  velocity  pertubatlons 
about  that  position  to  produce  spring  and  damping  coefficients.  The  spring 
and  damping  coefficients  are  probably  the  most  popular  representation  In 
rotor-dynamic  analysis.  The  coefficients  apply  only  to  small  bearing  motlona 
that  are  still  in  linear  range.  They  are  absolutely  accurate  for  stability 
analyses.  However,  If  a response  analysis  orbit  Indicates  large  bearing 
motions,  then  amplitudes  are  probably  Incorrect  alnce  excursions  have  gone 
beyond  the  linear  range  of  the  coefficients.  If  bearing  excursions  are  large 
however.  It  Is  not  a healthy  situation,  and  modifications  to  the  bearings, 
rotor  or  excitation  are  probably  necessary.  Some  rotor-dynamics  computer 
codes  will  permit  lnputing  the  complete  tlltlng-pad  motions.  Including  the 
cross-coupling  between  the  shoes  and  rotor  (see  section  on  bearings),  ao  that 
pad  motions  are  included.  This  Is  very  helpful,  since  incorrect  results  are 
sometimes  obtained  when  the  complete  smtrlces  are  reduced  to  standard  2x2 
matrices  to  accommodate  the  particular  rotor-dynamlca  program  in  which  they 
are  utilized. 

The  program  ROTDYN  has  a unique  feature,  whereby,  at  a bearing  station 
an  arbitrary  number  of  degrees  of  freedom  can  be  specified,  and  identified  by 
the  terms  In  the  stiffness,  damping  and  mass  matrices  that  are  inputted  at  a 
bearing  station.  This  permits  applying  resilient  mounted  bearings  such  as 
shown  on  Fig.  7,  and  accepting  the  complete  tilting  pad  cross-coupled  matrices 
and  pad  Inertias  to  permit  the  determination  of  pad  motions. 

Incidentally,  squeeze  film  characteristics  for  damping  devices  that  sur- 
round a bearing  shell  can  be  obtained  from  fluid-film  bearing  computer  pro- 
grams. Floating  ring  seal  characteristics  are  also  obtainable  from  these 
programs. 


Effects  of  Gear  Mesh 

A gear  mesh  In  a rotor  can  significantly  reduce  the  tendency  for  the  rotor  to 
whirl.  Thus,  the  effects  of  the  gear  should  be  Included  In  a stability  and 
response  analysis.  One  way  to  accomplish  this  Is  to  simulate  the  gear  as  a 
flexible  foundation  at  the  nodal  point  where  the  mesh  occurs.  The  tooth 
stiffness  Is  considered  as  a spring,  the  opposing  gear  as  a mass,  and  the 
opposing  gear  bearings  as  lumped  cross-coupled  spring  and  damping  coefficients. 


Computer  Program  Selection 

There  are  a number  of  factors  to  be  considered  when  selecting  a rotor-dynamics 
computer  code.  These  include: 

1.  Non-Synchronous  Capability  - A major  limitation  of  many  prograns  has 
been  their  Inability  to  predict  non-synchronous  frequencies  and  response.  For 
many  years  the  primary  consideration  has  been  evaluating  response  to  unbalance. 
Since  unbalance  la  a synchronous  excitation,  it  was  natural  to  limit  response 
to  a synchronous  phenomenon.  The  true  situation  today  however,  is  that  sub- 
synchronous  frequencies  are  prevalent  and  often  the  most  troublesome.  This  Is 
especially  true  when  fluid-film  bearings  are  employed.  Therefore,  It  la  de- 
sirable that  the  program  have  a non-synchronous  capability. 

2.  Bearing  Representation  - Accurate  bearing  representation  Is  a vital 
element  to  any  rotor  response  program.  If  rolling  element  bearings  are  used, 
then  cross-coupled  capabilities  are  probably  not  necessary.  If  fluid-film 
bearings  are  used,  it  la  absolutely  essential  that  the  bearing  croas-coupllng 
Influences  are  properly  represented.  It  is  also  Important  to  be  able  to  treat 
resilient  end  damper  bearing  housings,  and  to  consider  the  vibrations  of  the 
damped  housings  as  well  as  the  rotor.  For  tlltlng-pad  bearings,  conslderstlon 
of  the  pad  motions  la  desirable. 
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3.  Shear  Factors  - Most  programs  will  consider  shear  and  moments  from 
bending.  For  thick  rotors  it  is  Important  to  also  consider  shear  deformations. 

4.  Number  of  Stations  - To  accurately  represent  a long  rotor  it  is 
essential  that  the  program  have  the  capability  to  handle  a reasonably  large 
number  of  mass  stations.  A program  should  be  able  to  handle  at  least  15 
stations. 

5.  Gyroscopic  Influences  - Gyroscopic  forces  emanating  from  disc  rota- 
tion and  radial  motions  should  be  Included.  They  are  especially  significant 
for  overhung  rotors  with  large  discs  attached. 

6.  Loading  - The  program  should  consider  unbalance  and  gravity  loading 
as  a minimum.  It  is  desirable  if  other  arbitrary  excitation  could  be  applied. 

7.  Damping  - Provisions  for  damping  should  be  Included  especially  if 
fluid-film  bearings  are  used.  Damping  can  shift  critical  speeds,  stabilise 
a system,  and  reduce  orbital  amplitudes. 

Presented  below  are  those  programs  that  can  satisfy  the  primary  criteria. 
Mention  is  also  made  of  other  programs  that  would  have  application  to  more  re- 
stricted problems. 


COMPUTER  PROGRAM  SUMMARIES 


Non-Synchronous , Flexible  Rotor  Dynamics  Program  (ROTDYN) 

Purpose:  To  determine  stability  and  orbit  response  of  flexible  rotor  bearing 

systems.  The  response  computed  in  this  program  is  the  true  theoretical 
response  Inasmuch  as  the  artificial  distinction  between  synchronous  and 
non-synchronous  response  made  in  several  other  analyses  is  not  made. 

The  response  computation  yields  the  time  history  for  each  degree  of  free- 
dom of  the  assembly.  In  addition,  Beveral  quantities  of  Interest  such 
as  stresses,  forces  and  moments  at  bearings,  are  generated  for  user- 
specified  locations.  For  each  shaft  Bpeed  the  stability  analysis  yields 
the  rigid  body  and  bending  crlticals,  and  their  growth  or  damping  fac- 
tors: and  for  each  of  the  crlticals,  the  displacement  and  velocity  mode 
shapes.  These  results  may  be  put  in  the  form  of  a stability  chart.  This 
analysis  is  also  computationally  quite  economical. 

Applications:  General  rotating  machinery. 

Capabilities:  Shaft  is  represented  by  finite  elements  based  on  beam  theory 

with  shear  factors.  Sectional  and  inertial  properties  are  internally 
generated  for  axlsymmetrlc,  hollow,  or  solid  elements  of  revolution. 

Axial  taper  of  the  shaft  within  each  element  is  also  taken  into  account. 
Bearings  are  represented  by  stiffness  and  damping  coefficients.  Founla- 
tlons  are  represented  by  stiffness  and  damping  coefficients.  Foundation 
inertial  properties  are  also  Included  in  the  analysis.  Arbitrary  number 
of  degrees  of  freedom  can  be  handled  at  a bearing  station.  Thus,  pad 
motions  of  tlltlng-pad  bearings  are  Included,  and  gear  mesh  can  be  com- 
puted. Also  squeeze  film  damping  and  reslllant  mounting  Is  permitted. 
Material  damping  in  the  shaft  and  foundations  Is  also  considered.  Ex- 
ternal loads  and  body  forces  are  Included.  Force  or  displacement  type 
excitations  may  be  applied  to  ths  foundation.  The  stability  option  per- 
mits 100  degrees  of  freedom.  The  response  option  permits  400  degrees  of 
freedom. 

Method:  The  mathematical  iwdel  utilized  in  the  program  consists  of  a rotating, 

non-uniform,  axlsyoaetrlc  shaft  supported  by  flexible  bearings.  The 
bearings  are  assumed  to  be  supported  by  flexible  or  rigid  foundations 
with  mass  distributed  throughout.  The  shaft,  assumed  to  be  rotating  at 
constant  speed,  is  taken  as  being  flexible  with  distributed  mass  and  with 
several  rigid,  axlsymawtrlc  discs.  Assuming  small  excursions  from  an 
equilibrium  configuration,  lines';  dynamical  equations  for  the  system  are 
devised.  The  elastic  continuum  in.  the  shaft  and  tha  foundation  is  re- 
duced to  discrete  degrees  of  freedom  by  the  finite  element  method.  For 
the  shaft,  beam  theory  with  shear  factors  is  used;  whereas  for  the  foun- 
dation, appropriate  one-,  two-  or  three-dimensional  elasticity  theory 
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may  be  used  depending  on  the  foundation  configuration.  (The  routines 
for  finite  element  representation  of  general  foundations  are  external 
to  the  ROTDYN  program.  The  program  accepts  stiffness  matrices  for  the 
foundation  elements.)  Bearings  are  represented  by  stiffness  and  damping 
coefficients  with  arbitrary  number  of  degrees  of  freedom  to  account  for 
arbitrary  bearing  geometries.  (Routine  for  generating  these  coefficients 
are  also  external  to  the  program.)  Material  damping  Is  assumed  to  be 
proportional  to  the  Internal  elastic  forces  In  the  continuum.  (Iropor- 
tionallty  factor  is  an  Input  to  the  program.)  Response  of  the  rotor- 
foundation  system  Is  computed  by  forward  Integration  in  time.  An  uncon- 
ditionally stable  algorithm  due  to  Newmark  is  used  for  this  purpose. 

With  this  technique,  history  for  five  shaft  revolutions  for  eighty-four 
degrees  of  freedom  requires  about  twenty-two  seconds  of  Unlvac  1108 
(EXEC  8)  time.  For  stability  analysis,  the  dynamical  equations  are  con- 
verted to  an  eigenvalue  problem  by  assuming  small  excursions  from  the 
equilibrium  configuration.  In  this  process,  nonlnertlal  degrees  of  free- 
dom are  eliminated  from  the  system  by  a theoretically  consistent  proce- 
dure. The  eigenvalue  problem  la  then  solved  for  complex  roots  by  the 
QR-2  algorithm.  For  each  root  of  interest,  the  mode  shape  is  computed  by 
solving  the  resulting  matrix  equation  by  Gaussian  elimination. 

Input:  Number  of  stations,  shaft  elements,  discs,  bearings,  shaft  materials 

and  time  steps.  Material  properties  of  shaft  elements  (moduli  of  elas- 
ticity and  shear  and  weight  density).  Shaft  element  geometry  (solid, 
hollow,  rectangular,  tapered,  length,  diameters).  Disc  locations  and 
inertia  properties.  Unbalance  locations,  magnitudes  and  phase  angles. 
External  force,  locations  and  time  varying  magnitudes.  Bearing  stiffness 
and  damping  matrices.  Bearing  pad  and  resiliant  mount  mass  inertia 
matrix — else  equal  to  number  of  degrees  of  freedom  at  each  bearing. 

Output:  Stability  analysis  (for  each  speed).  Critical  frequencies.  Growth 

or  damping  factors.  Displacement  mode  shapes.  Velocity  mode  shapes. 
Stability  and  critical  speed  diagram.  Orbit  analysis.  Orbital  ampli- 
tudes at  each  mass  station.  Transmitted  bearing  force.  Shaft  moments 
and  stresses. 

Language:  Fortran  IV 

Hardware:  Unlvac  1108,  CDC  6600 

Usage:  Extensive;  over  past  three  years  have  analyzed  approximately  75  rotors. 

Developer:  Dr.  M.  M.  Reddl 

The  Franklin  Institute  Research  Laboratories 
Philadelphia,  Pennsylvania  19103 

Availability:  For  sale 

Contact:  Mr.  W.  Shapiro 

Manager  of  Mechanical  Engineering  Laboratory 
Franklin  Institute  Research  Laboratories 
Philadelphia,  Pennsylvania  19103 

Subjective  Consaents:  This  program  la  very  comprehensive.  It  treats  both 

stability  and  response  and  satisfies  the  necessary  and  desirable  criteria 
mentioned  above. 


Dynamic  Stability  of  a Flexible  Rotor  (CADENSE  - 25) 

General  Description:  This  progrsm  computes  the  damped  natural  frequencies  of 

a rotor  bearing  system.  For  each  natural  frequency  the  magnitude  and 
sign  of  the  effective  system  damping  is  cslculated.  Based  on  this  result 
the  dynamic  stability  of  rotor-bearing  system  may  be  assessed.  The  rotor 
is  described  In  tens  of  lengths  and  radii  of  discrete  sections.  Concen- 
trated inertias  may  be  placed  on  the  rotor  and  described  by  their  mass 
and  moments  of  inertia.  Fluid  film  bearings  are  described  by  linear 
stiffness  and  damping  values. 

Analysis:  An  extension  of  the  Prohl  critical  speed  method  is  employed  to  de- 

termine the  complex  eigenvalues  of  the  system  dynamic  matrix.  The  Im- 
aginary part  Is  the  natural  frequency  and  the  real  part  Is  the  amplitude 
growth  exponent.  Passive  aerodynamic  excitation  may  be  accounted  for 
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and  It  is  represented  by  linearized  coefficients  based  on  the  torque  per 
stage,  vane  efficiency,  and  the  wheel  to  stator  clearance-to-vane 
height  ratio.  Internal  material  damping,  and  damping  in  shrink  fits 
and  friction  joints  may  also  be  accounted  for  and  are  specified  in  terms 
of  an  associated  logarithmic  decrement.  The  program  uses  very  efficient 
root  searching  techniques  based  on  a generalized  Newton-Raphson  method. 

Features:  Rotor  of  arbitrarily  varying  cross  section.  Arbitrary  location  of 

bearings,  seals,  and  concentrated  Inertias.  Arbitrarily  located  sources 
of  aerodynamic  excitation.  Convenient  input  of  bearing  data  via  nondi- 
menslonal  tables,  which  are  manipulated  by  the  program  to  minimize  the 
input  preparation  effort.  This  program  allows  for  convenient  investi- 
gation of  system  sensitivity  to  variations  in  bearing  and  rotor  char- 
acteristics. This  program  computes  nonsynchronous  stability  parameters, 
and  appears  to  be  similar  to  the  stability  option  of  ROTDYN.  It  does  not 
produce  nonsynchronous  response. 

Input:  Rotor  dimensions.  Material  properties.  Concentrated  Inertia  values. 

Frequency  ranges  of  Interest.  Table  of  nondimensional  bearing  stiffness 
and  damping  coefficients.  Bearing  dimensions.  Operating  speed(s)  of 
Interest. 

Output:  All  input  data.  Damped  natural  frequencies.  Logarithmic  decrement 

(indicator  of  system  damping)  for  each  mode.  Rotor  major  and  minor  mode 
shapes  at  frequency.  Phase  angle  of  rotor  amplitude. 

Running  time:  1-2  seconds  CDC  6600  per  damped  natural  frequency  (for  a 40 

station  rotor) . 

Language : Fortran  IV 

Availability:  Mechanical  Technology  Incorporated 

968  Albany  Shaker  Road 
Latham,  New  York  12110 


Unbalance  Response  of  a Flexible  Rotor  (CADENSE  - 21) 

General  Description:  This  program  computes  the  elliptical  whirl  response  of 

a flexible,  elastically  mounted  rotor  to  a given  unbalance  excitation. 

It  Incrementally  scans  a specified  speed  range  and  computes  the  absolute 
amplitude  of  vibration  (unbalance  response)  for  each  rotor  station  at 
each  speed  increment.  The  rotor  mountings  are  considered  as  elastic 
bearings  described  by  their  stiffness  and  damping  coefficients.  Bearing 
pedestals  may  be  treated  as  rigid  or  elastic.  The  rotor  is  described  in 
terms  of  lengths  and  radii  of  discrete  sections.  Concentrated  inertias 
may  be  placed  on  the  rotor  and  described  by  their  suss  and  moments  of 
inertia.  For  the  case  of  s rigid  pedestal,  the  program  output  Includes 
the  force  transmitted  to  the  bearing  housing.  For  a flexible  pedestal, 
the  program  provides  the  pedestal  motion  and  the  force  transmitted  to 
the  foundation.  The  pedestal  is  represented  bysmodel  having  two  trans- 
lational degrees  of  freedom.  An  option  is  available  to  generate  a plot 
tape  to  depict  amplitude  versus  speed  for  selected  rotor  stations.  The 
program  employs  gn  extension  of  the  Prohl  critical  speed  method  de- 
scribed by  Lund  and  Orcutt.  Frohl's  method  is  modified  to  account  for 
elastic  rotor  mountings  and  for  the  Influence  of  distributed  shaft  mass. 
Prohl 's  method  is  described  in  "A  General  Method  for  Calculating 
Critical  Speeds  of  Flexible  Rotors,"  Journal  of  Applied  Mechanics.  Volume 
12,  Trans.  ASMS,  Vol.  67,  1945,  pp.  142-148.  Lund  and  Orcutt *s  modifi- 
catlon  is  described  in  "Calculations  and  Experiments  on  the  Unbalance 
Response  of  a Flexible  Rotor,"  ASKE  Paper  67-Vlbr-27. 

Features:  The  program  allows  the  designer  of  rotating  machinery  to  calculate 

the  magnitude  of  vibration  of  a rotor  with  anisotropic,  damped  bearings 
and  to  establish  safe  tolerances  for  residual  unbalance.  It  is  a val- 
uable complement  to  ths  lateral  critical  speed  program,  and  the  two  pro- 
grams have  compatible  input  requirements. 
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Input:  Rotor  dimensions.  MaterlsI  properties.  Concentrated  Inertia  values. 

Speed  ranges  of  Interest.  Bearing  stiffness  and  damping  coefficients  at 
each  speed  increment.  Unbalance  values. 

Output:  All  input  data.  Major  and  minor  axes  of  rotor  orbit  at  each  station. 

Phase  angle  of  rotor  amplitude.  Forces  transmitted  to  bearings  and 
pedestals.  Plots  of  amplitude  versus  speed  at  selected  stations. 

Printed  summary  output  option  for  selected  stations. 

Memory  Requirement:  111,000  words 

Running  Time:  2 to  4 response  speeds  per  CDC  6600  second 

Language:  Fortran  IV 

Usage:  Used  extensively 

Availability:  Mechanical  Technology  Incorporated 

968  Albany  Shaker  Road 
Latham,  New  York  12110 

Aero  Propulsion  Laboratory 
Wright-Pat terson  Air  Force  Base 
Dayton,  Ohio  45433 

Subjective  Comments:  This  unbalance  response  program  produces  synchronous 

response  only.  It  Is  very  useful,  if  it  has  been  previously  determined 
(by  a stability  analysis  for  example)  that  the  primary  modes  of  vibration 
will  be  near  synchronous. 

Reference  material  is  contained  In  Wright-Patterson  AFB  Technical 
Report  AFAPL-TR-65-45  or  X65-20875.  At  Lewis  Research  Center,  contact 
Delmar  Drier  of  Engineering  Design  Division  for  IBM  7094,  IBM  360,  or 
Univac  1106  versions.  The  Univac  1106  version  requires  35K  of  memory  and 
typical  running  time  Is  4 seconds. 


Time  Transient  Nonsynchronous  Rotor  Response 


Date:  1971 

Capability:  This  program  determines  the  stability  of  a rotor  with  film 

bearings,  seals,  and  pedestal  supports.  The  full  nonlinear  and  cross- 
coupling  characteristics  of  the  film  bearings  are  Included.  The  program 
stay  be  used  to  calculate  synchronous  response.  Features  which  are  In- 
cluded In  the  program  are 
Unbalance 
Gravity 

Misalignment  of  bearings 
Rotor  bow 

Fluid  dynamical  destabilizing  forces 
Several  bearing  models: 

Circular  bore 

Fired  arc  (elliptical,  axial  groove,  tilting  pad  - geometry  of 
each  arc  Is  specified  Independently  so  that  nonaymmetrlc  geome- 
try may  be  examined) 

Pedestal  film  dampers 
Flexible  stator 

Film  Includes  the  effects  of  turbulence  and  variable  viscosity 
locally  through  the  film 
Floating  ring  seals 
Time  varying  tilting  pads 
Hydrostatic  pockets  In  bearings 
Short,  long,  or  finite  bearing  solutions 
Method:  The  equations  of  motion  are  Integrated  step  by  step  through  time  In- 

cluding all  nonlinearities  of  fluid  film. 

Limitations  and  Restrictions:  40  mass  stations,  8 bearings,  6 tilting  pads  or 

arcs  per  bearing 

Input:  Rotor,  bearing,  pedestal,  seal  geosMtry,  and  operating  conditions. 
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Output:  Plots  of  mass  station  trajectories  from  which  stability  characteris- 

tics are  derived.  Response  of  rotor,  bearings,  and  stator  versus  time. 
Language : FORTRAN 
Hardware:  UNIVAC,  CDC 

Usage:  Well  tested. 

Developer:  Dr.  Melbourne  F.  Giber son 

Turbo  Research  Inc. 

1440  Phoenlxvllle  Pike 
West  Chester,  Pennsylvania  19380 
Availability:  This  program  Is  for  rent.  Contact  the  developer. 

Consents:  This  Is  a very  complete  program. 


Synchronous  Vibratory  Response 


Date:  1963 

Capability:  This  Is  a steady  state  response  program  which  Includes  the 

following  effects: 

Nonlinear  film  bearings 
Bearing  cross-coupling 
Pedestal  squeeze-film  damping 
Floating  ring  seals 
Flexible  bearing  pedestal 

Random  or  prescribed  mass  unbalance  distribution 
This  program  may  be  used  to  analyze  compressors,  pumps,  or  any  type  of 
rotating  machinery  where  the  rotating  forces  are  large  compared  to  the 
rotor  weight. 

Method:  An  Iterative  technique  (because  of  nonllnearltles)  Is  Incorporated 

with  the  Prohl-Myklestad  method  [3).  The  results  of  this  analysis  give 
circular  orbits  about  the  bearing  center  line. 

Limitations  and  Restrictions:  300  shaft  steps,  60  elastic  sections,  18 

bearing  locations,  10  bearing  types,  200  speed  points,  10  trials  of  mass 
distribution. 

Input:  Rotor,  bearing,  pedestal,  and  seal  geometry  and  operating  conditions. 

Output:  Calcomp  plot  of  each  bearing  force  over  the  speed  range.  The  resul- 

tant radial  deflection  of  the  shaft  and  bearing  forces  are  printed  for 
each  speed. 

Language:  FORTRAN 

Hardware:  UNIVAC,  IBM,  CDC 

Usage:  Well  tested. 

Developer:  Dr.  P.  R.  Trumpler 

Turbo  Research  Inc. 

1440  Phoenlxvllle  Pike 

West  Cheater,  Pennsylvania  19380 

Availability:  This  program  may  be  rented.  Contact  Dr.  Melbourne  F.  Clberson 

of  Turbo  Research  Inc.  for  details. 


Damped  Critical  Speeds  (DAMPEDR0T0R) 


Date:  1973 

Capability:  This  program  dctermlnss  the  complex  eigenvalue  and  eigenvector 

of  a damped  rotating  shaft.  The  complex  eigenvalue  gives  the  stability 
of  the  rotor-bearing  system  and  the  damped  natural  frequency.  A special 
feature  of  this  program  allows  adjacent  rotor  sections  to  bs  connected 
by  a rotary  spring  and/or  a linear  spring. 

Method:  The  rotor  Is  modeled  as  a series  of  lumped  massee  with  gyroscopic 

moments  and  massless  beam  elements.  The  program  uses  a new  method  of 
analysis  called  the  Rlccatl  Transfer  Matrix  Method.  A Newton-Raphson 
iteration  Is  used  In  determining  the  complex  eigenvalue. 

Limitations  and  Restrictions:  This  program  uses  linear  theory  and  isotropic 

bearings. 
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Input:  Rotor  geometry  and  bearing  coefficients. 

Output:  Damped  natural  frequency,  the  "Q"  or  quality  factor,  and  the  damped 

mode  shape.  Mode  shape  plotting  is  Included. 

Language : FORTRAN 

Hardware:  CDC,  IBM 

Usage:  Limited  usage 

Developer:  Walter  D.  Pilkey 

Department  of  Engineering  Science  and  Systema 
University  of  Virginia 
Charlottesville,  Virginia  22901 

Availability:  Deck  and  user's  manual  with  example  problems  are  available  from 

W.  D.  Pilkey  at  a nominal  cost. 

Comment:  This  is  the  only  program  which  will  determine  an  unlimited  number 

of  complex  eigenvalues  and  eigenvectors.  Due  to  the  Rlccatl  transforma- 
tion analysis,  no  numerical  difficulties  are  encountered  in  computing 
the  eigenvalues. 


Computerized  Mechanical  Design  Analysis  (BEST  I) 

Date:  1970 

Capability:  The  steady  state  response,  critical  speeds  and  corresponding 

mode  shapes  of  a rotor  are  determined.  The  rotor  may  have  asynchronous 
motion  where  the  whirl  and  spin  frequencies  are  different.  Foundations 
or  bearings  are  repreaentad  by  isotropic  springs. 

Method:  The  rotor  Is  represented  as  a lumped  mss  system  and  the  effects  of 

shear  and  gyroscopic  moments  are  included.  The  transfer  matrix  method 
Is  used  for  the  analysis. 

Limitations  and  Restrictions:  A rotor  may  be  rep.esented  by  no  more  than  20 

spans  and  25  lumped  masses  per  span.  No  damping  may  be  input,  so  that 
the  critical  speeds  are  for  an  undamped  rotor,  "earlngs  must  be  modeled 
as  a simple  linear  spring. 

Input:  Span  properties,  spring  values,  frequency  Interval  for  critical  speed 

search,  and  loading  are  required  input.  No  preprocessor  Is  available. 

Output:  Boundary  condition  aquations,  critical  speed  .inalysls  and  mode 

shapes,  kinetic  and  potential  energy  of  each  span,  and  mode  shape  plots 
are  output. 

Language:  FORTRAN 

Hardware:  Remote  Batch 

Developer:  Structural  Dynamics  Research  Corp. 

5729  Dragon  Way 
Cincinnati,  Ohio  45227 

Availability:  Through  developer  or  several  commercial  systems. 

Comments:  The  Input  Instructions  seem  to  be  too  complicated  for  most  design 
engineers  In  turbomachinery.  For  Instance,  the  program  requires  that 
moments  of  Inertia  be  Input  rather  than  having  an  input  baaed  upon  rotor 
geometry  and  letting  the  program  calculate  the  momeuts.  On  the  other 
hand,  the  form  of  the  Input  allows  designers  to  account  for  the  flexi- 
bility of  disks. 


Damped  Natural  Frequencies  snd  Mode  Shapes 
of  Multi-Mass  Rotor  Systems  and  the 
Investigation  of  Rotor  Stability  (MFIN4) 

Date:  1974 

Capability:  This  program  calculates  the  damped  natural  frequency  of  a rotor- 

bearing  system.  The  stebllity  of  the  system  Is  checked  by  calculating 
the  exponential  growth. 

Method:  This  Is  a finite  element  program.  The  equations  of  motion  are 
written  for  each  rotor  element.  The  resulting  matrix  equation  is 
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transformed  Into  an  eigenvalue  problem  and  Is  solved  by  the  Q-R 
algorithm  for  complex  eigenvalues  and  eigenvectors. 

Limitations  and  Restrictions:  The  rotor  may  be  represented  by  a maximum  of 

12  elements. 

Input:  Rotor  geometry  and  bearing  coefficients. 

Output:  The  complex  eigenvalue  and  the  complex  mode  shape. 

Language : FORTRAN 

Hardware:  CDC 

"sage:  Limited  usage. 

Developer:  Dr.  E.  J.  Gunter 

Department  of  Mechanical  Engineering 
University  of  Virginia 
Charlottesville,  Virginia  22901 
Availability:  Contact  E.  J.  Gunter  for  details. 

Conment : This  program  has  some  novel  features  which  should  give  insight  for 

solving  complex  eigenvalue  problems. 


Lateral  Vibration  (LAVIB) 

Capability:  The  steady  state  response  and  natural  frequencies  of  a general 

shafting  system  modeled  as  a series  of  stations  are  calculated.  A 
shafting  station  consists  of  a massless  beam,  a lumped  mass,  springs  to 
ground,  and  a forcing  function. 

Method:  The  Holzer-Myklestad-Prohl  method  Is  used  to  calculate  natural 

frequencies,  and  modal  analysis  is  used  to  calculate  the  lateral  vibra- 
tion reaponse  of  the  shafting  system  to  synchronous  and  nonsynchronous 
shaft  speed  forcing  phenomena.  Modal  damping  is  used  to  model  dissipa- 
tive forces. 

Hardware:  UNIVAC  1108 

Developer:  Dr.  Ronald  L.  Eshleman 

Availability:  Cost  $500.  Includes  deck,  Instruction  manual,  and  examples. 

Contact:  The  Vibration  Institute 

5401  Katrine 

Downers  Grove,  Illinois  60515 

Attn:  Dr.  Ronald.  L.  Eshleman,  Director 


Critical  Speeds  ol  a Rotor-Bearing  System  (CRITSPD) 

Date:  Program  prepared  In  July  1974 

Capability:  CRITSPD  is  a computer  program  which  calculates  the  undamped 

critical  speeds  of  a flexible  rotor.  It  gives  the  amplification  factor 
and  the  mode  shape  of  the  rotor  at  the  critical  speed.  The  stability  of 
the  rotor  Is  determined  using  the  modal  msss,  modal  damping  and  amplifi- 
cation factor.  Bearing  stiffness  and  damping  coefficients  may  be  speed 
Independent  and/or  speed  dependent. 

Method:  The  transfer  matrix  method  Is  used  to  analyse  a rotor  modeled  as 

lumped  masses/discs  and/or  distributed  mass. 

Limitations  and  Restrictions:  Maximum  number  of  150  mass  stations,  50  bearing 

stations.  With  plot  output,  maximum  number  of  mass  stations  Is  70. 

Input:  Rotor  geometry,  bearing  coefficients,  and  speed  range. 

Output:  Critical  speed,  mode  shape,  modal  weight,  modal  damping,  and  amplifi- 

cation factor.  Optional  plots  of  the  rotor  geometry  and  mode  shapes. 
Language : FORTRAN 

Hardware : CDC 

Usage:  Well  tested. 

Developer:  Dr.  E.  J.  Gunter 

Departsient  of  Mechanical  Engineering 
University  of  Virginia 
Charlottesville,  Virginia  22901 
Availability:  Contact  E.  J.  Gunter  for  details. 
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Unbalanced  Response  and  Critical  Speeds  (SHAFT) 


Date:  1971 

Capability:  The  program  SHAFT  calculates  the  unbalanced  response  and  critical 

speeds  of  a shaft  with  no  cross-coupling  coefficients  In  the  bearings. 

The  critical  speeds  are  found  for  a rotor  with  no  damping  In  the  bear- 
ings. For  unbalanced  response,  the  deflection,  shape,  bending  moment, 
and  shear  force  are  calculated  with  damping  In  the  bearings.  The  shaft 
can  be  formed  of  lumped  or  continuous  mass  segments  with  foundations, 
any  boundary  conditions,  and  any  distribution  of  unbalanced  masses.  The 
user  can  Include  any  or  all  of  bending,  shear  deformation,  and  rotary 
Inertia  effects. 

Bearing  systems  can  Include  springs,  dampers,  and  a pedestal  mass. 

Method:  This  program  uses  the  transfer  matrix  method  of  solution. 

Limitations  and  Restrictions:  No  bearing  cross-coupling  coefficients. 

Input:  The  bearing  coefficients  and  rotor  properties  for  each  stgment  are 

Input.  An  Interaction  preprocessor  la  available. 

Output:  For  unbalanced  response,  the  deflection,  slope,  bending  moment,  and 

shear  force  are  printed  at  each  station  and  each  speed.  The  critical 
speeds  are  printed  with  the  corresponding  mode  shapes. 

Language : FORTRAN 

Hardware:  IBM,  CDC,  UNIVAC,  HONEYWELL,  FDP 

Usage:  Well  tested. 

Developer:  The  Structural  Members  Users  Group 

Department  of  Engineering  Science  and  Systems 
University  of  Virginia 
Charlottesville,  Virginia  22901 
Attn:  Walter  D.  Pllkey 

Availability:  Deck  and  documentation  are  available  at  a nominal  cost.  Con- 

tact W.  D.  Pllkey.  Also  available  on  conmerclal  computers. 

Comments:  This  program  has  many  features  which  allow  any  combinations  of 

shaft  geometry,  boundary  conditions,  and  ln-span  conditions  to  be 
analysed. 


Transient  Response  of  a Rotating  Shaft  (TRANSIENTSHAFT) 


Date:  1975 

Capability:  TRANSIENTSHAFT  la  a program  for  determining  the  transient  re- 

sponse of  a rotating  shaft.  The  bearings  are  Isotropic  and  may  include 
damping. 

Method:  The  method  of  solution  for  the  transient  response  Is  the  modal  super- 

position analysis.  The  complex  mode  shapes  are  calculated  by  the  pro- 
gram DAMPEDR0T0R. 

Input:  The  Input  data  consists  of  a description  of  the  rotor,  the  mode  shapes 
and  damped  critical  speeds,  and  the  loading  as  a function  of  time.  The 
type  of  loadings  that  are  admissible  are: 

1.  Motion  of  the  base  of  any  of  the  baarlngs. 

2.  Applied  bending  moment  on  the  rotor, 

3.  Applied  shear  force  on  the  rotor. 

The  Input  requires  that  the  user  define  the  position  at  wh.'':h  the  forcing 
function  Is  to  act,  the  type  of  function,  and  the  actual  data  describing 
the  fores.  Initial  displacements  and  velocities  of  points  along  ths 
shaft  may  be  prescribed. 

Output:  The  deflection,  slope,  moment,  and  shear  at  each  station  is  printed. 

This  Is  repeated  for  Increments  In  time. 

Language : FORTRAN 

Hardware:  IBM,  CDC 

Usage:  This  Is  a now  program  with  limited  usage. 

Developer:  Walter  D.  Pllkey 

Department  of  Engineering  Science  and  Systems 
University  of  Virginia 
Charlottasvllle,  Virginia  22901 
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Availability:  Deck  and  documentation  available  at  a nominal  cost.  Contact 

W.  D.  Pilkey. 

Commenta:  This  program  should  be  useful  for  studying  the  tine-history  of  a 

rotor  subjected  to  a wide  variety  of  excitations.  It  appears  to  be  one 
of  the  few  programs  that  will  handle  arbitrary  ground  motion  fed  Into  a 
bearing  system. 


Other  useful  programs  and  their  sources  are  briefly  described  below: 

CADENSE:  Program  No.  26  - Lateral  Critical  speeds  of  multi-level  rotors. 

Produces  critical  speeds  of  vibration.  Bearings  are  represented 
by  non-cross  coupled  springs.  Damping  does  not  appear  to  be  Included. 
CADENSE;  Program  No.  27  - Unbalance  Response  of  a Multi-Level  rotor  can 

handle  up  to  three  interconnected  rotors.  Produces  circular  orbits  only. 
Bearings  are  represented  by  direct  translational  and  angular  stiffness 
and  damping  values.  Cross-coupling  Is  not  included. 

CADENSE:  Program  No.  20  - Lateral  Critical  Speeds  of  Flexible  Rotors. 

Computes  lateral  critical  speeds  of  single  or  coupled  rotors  with  flex- 
ible bearing  supports.  Isotropic,  linear  bearing  characteristics  are 
assumed.  Damping  not  included. 

Source:  Mechanical  Technology  Incorporated,  MTI,  Latham,  New  York  12110 

Contact:  Mr.  Paul  Babson 


CSPRJT:  Fortran  IV  Computer  Program  for  Calculating  Critical  Speeds  of  Rotating 

Shafts,  Roger  J.  Trlvlaonno 

This  program  calculates  the  critical  speeds  of  rotating  shafts.  The 
shaft  may  include  bearings,  couplings,  extra  masses  (nonaheft  mess),  and 
discs  for  tha  gyroscopic  effact.  Shear  deflection  Is  also  taken  Into 
account,  and  provision  is  made  In  the  program  for  sections  of  the  shaft 
that  are  tapered.  The  boundary  conditions  at  the  ends  of  the  shaft  can 
be  fixed  (deflection  and  slope  equals  to  zero)  or  free  (shear  and  moment 
equal  to  zero) . The  fixed  end  condition  enables  the  program  to  calculate 
the  natural  frequencies  of  cantilever  beams.  Instead  of  using  the  lumped- 
parameter  method,  the  program  uses  continuous  Integration  of  the  differen- 
tial equations  of  bean  flexure  across  different  shaft  sections.  The 
advantages  of  this  method  over  the  usual  lumped-parameter  method  are  less 
data  preparation  and  better  approximation  of  the  distribution  of  the  mass 
of  the  ahaft.  A main  feature  of  the  program  Is  the  nature  of  the  output. 
The  Calconp  plotter  Is  used  to  produce  a drawing  of  the  shaft  with  super- 
imposed deflection  curvet  at  the  critical  speeds,  together  with  all  per- 
tinent information  related  to  the  shaft.  NASA  TN  D7385  (with  the  same 
title)  It  a complete  report  of  the  program  and  Its  use. 

Source:  Cosmic,  Information  Services,  112  Barrow  Hall,  Uni varsity  of  Georgia, 

Athena,  Georgia  30602,  Reference:  LEW-11910. 


CRITSPEED:  Tt  performs  a critical  apeeda  analysis  of  rotating  shafts.  The 

ahaft  can  nave  circular  or  square,  solid  or  hollow  segments,  each  having 
different  material  properties.  The  program  will  handle  concentrated 
weights,  non-aligned  shaft  segments,  and  fixed  or  pinned  shaft  supports. 
Lateral  and  torsional  spring  constants  may  be  used  to  approximate 
arbitrary  stiffnesses  st  a support  point.  Tha  shaft  critical  speeds 
are  found  by  calculating  the  lateral  natural  frequencies  of  a lumped- 
mass  shaft  model.  The  number  of  critical  speeds  to  be  computed  Is 
selected  by  the  user.  Data  can  be  supplied  Interactively  or  from  a 
data  file.  The  program  can  be  recycled  to  specify  new  shaft  geometry  and 
materials,  or  new  support  conditions,  or  new  concentrated  weights. 

Output:  Mass  model  printout,  mass  model  acceptability  check  ratio,  critical 
speeds. 

Input:  IS  shaft  segments,  IS  support  stations,  2S  concentrated  weight,  7S 
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unconstrained  degrees  of  freedom. 

Source:  Control  Data  Corporation,  CDC  KRONOS  Time-Sharing  System 


SPIN:  Static  and  dynamic  ln-plane  bending  analysis  of  beams  and  rotating 

shafts  on  elastic  foundations  yielding  deflection,  slope,  bending  moment, 
shear,  and  bending  stress.  Finda  response  to  static  or  harmonic  loads. 
Calculates  natural  frequencies  and  mode  shapes  Including  critical  speeds 
of  rotating  shafts.  Whirling  effects  Included.  Plotted  results  of 
deflection,  slope,  moment,  sheer,  and  stress  for  static  or  dynamic  loads 
can  be  generated  on  Incremental  plotters  or  storage  tube  terminals. 

Source:  Structural  Dynamics  Research  Corporation,  Cincinnati,  Ohio 


TORSIONAL  VIBRATIONS 

Torsional  vibrational  analysis  generally  follows  the  philosophies  expounded 
for  lateral  vibrations  of  shafts.  Some  of  the  key  Items  are  discussed  below: 

1.  Critical  Speeds:  A significant  Item  to  be  determined  In  any  torsion- 

al system  are  critical  speeds.  It  is  quite  difficult  to  apply  torsional  damp- 
ing and  operation  near  torsional  crlticala  should  probably  be  avoided. 

2.  Mode  Shapes:  The  critical  speed  analysis  will  generally  produce  mode 

shapes  which  are  helpful  In  determining  where  the  maximum  amplitudes  In  a 
system  are. 

3.  Response:  It  Is  desirable  to  know  what  the  amplitudes  of  torsional 

vibration  are  as  a function  of  a vibrating  applied  torque.  Response  routines 
are  available  to  accomplish  this.  The  program  should  be  capable  of  Including 
damping  In  the  system. 

4.  Branched  Systems:  A torsional  program  should  be  capable  of  handling 

multiple  branched  geared  aystem. 

Some  examples  of  computerized  torsional  vibrational  analysis  follow. 

Figure  8 shows  a system  with  a single  branch.  Results  are  indicated  for 
both  a critical  speed  and  response  analysis.  Figure  B Indicates  the  natural 
frequencies  obtainable  from  the  critical  speed  analysis.  Figure  9 Indicates 
the  mode  shapes  obtainable  from  this  analysis.  For  the  response  analysis,  the 
system  was  excited  with  a harmonic  torque  acting  at  disc  #1.  The  exciting 
frequency  was  chosen  as  a nonresonant  one.  The  results  obtained  from  the 
computer  run  sre  summarized  In  Fig.  10. 

Figure  11  shows  a two-branch  system.  In  the  computer  run,  the  damping  of 
the  system,  l.e.,  damping  of  the  generator,  was  specified.  For  response  anal- 
ysis, the  system  was  excited  with  a harmonic  torque  acting  at  the  generator. 
The  computer  runs  covered  a number  of  exciting  frequencies  Including  the  first 
and  the  second  natural  frequencies  of  the  system.  The  results  are  summarized 
In  Figs.  12,  13,  and  14.  The  plots  In  Fig.  13  show  the  vibratory  amplitudes 
at  the  generator  when  the  system  Is  excited  with  the  first  natural  frequency. 
Maximum  vibratory  amplitude  vs.  exciting  frequency  are  shown  In  Fig.  14. 

Available  torsional  rjmputer  programs  follow: 


Torsional  Critical  Speeds  of  a Geared  System  (CADEHSE-22) 

General  Description:  This  program  calculates  the  critical  frequencies  of  a 

torsional  system.  The  aystem  may  Include  branches,  gears,  eplcycllc 
gears,  and  elastic  torsional  connection  to  ground.  At  each  critical 
frequency,  the  program  evaluates  the  normalised  mode  shape  and  corres- 
ponding torque  distribution. 

Analysis:  The  program  employs  the  Holier  method  extended  to  account  more  ac- 

curately for  continuously  distributed  shaft  sections.  Effective  root 
methods  are  employed  to  calculate  all  critical  frequencies  within  speci- 
fied ranges. 

Features:  The  ability  to  handle  eplcycllc  gear  trains.  Rapid  execution  time. 

Input:  Rotor  geometry.  Rotor  material  properties.  Additional  concentrated 

Inertias.  Single  reduction  gear  dimensions.  Eplcycllc  gear  train  dimen- 
sions. Frequency  ranges  to  be  searched. 


SHOCK  AND  VIBRATION  COMPUTER  PROGRAMS 


Undamped  System 


Fig.  8 Single  branch  model 


Fig.  9 Natural  frequencies  and  node  shapes  of  single  branch  model 


Fig.  10  Amplitude  response  of  single  branch  nodal 
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GENERATOR 


excitation  of  double-branched  eyatea 


ltudea  - double  branched  ay a tea 
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Output)  Torque  aa  a function  of  frequency.  Critical  frequenclea. 

Node  shape  at  each  critical.  Torque  dlatrlbutlon  at  each  critical. 
Memory  Requirement:  20,000  worda. 

Running  Time:  Typically  15  seconds  for  CDC  6600 

Language:  Fortran  IV 

Availability:  Mechanical  Technology  Incorporated 

968  Albany  Shaker  Road 
Latham,  New  York  12110 

Consent:  This  program  la  quite  typical  of  a torsional  critical  spaed  program. 


s 
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Damped  Torsional  Response  of  a Geared  System  (CADENSE-23) 

General  Description:  This  program  computes  the  damped  torsional  responsa  of 

a system  to  excitation  in  the  fora  either  of  torques,  or  angular  displace- 
ments (gear  errors).  The  aystaa  may  include  branches,  single  reduction 
gears,  and  constraints  to  ground  with  both  stiffness  and  damping.  The 
gears  may  be  rigidly  or  elastically  mounted.  The  system  amplitudes, 
torque  distribution,  and  gear  tooth  meshing  forces  are  calculated  by  tha 
program,  and  for  elastically  mounted  gears  the  transmitted  forces  and 
gear  tooth  displacements  are  evaluated. 

Analysis:  A Holxer-type  method  la  usad,  extended  to  account  more  accurately 

for  continuously  distrlbutad  shaft  sections. 

Features:  The  ability  to  handle  eplcycllc  gear  trains.  The  ability  to  accept 

excitation  in  the  form  of  gear  manufacturing  errors.  An  option  is 
available  to  Include  gear  noise  prediction  on  a long-term  lease  only 
basis. 

Input:  Rotor  geometry.  Rotor  material  properties.  Additional  concentrated 

inertias.  Single  reduction  gear  dimensions.  Eplcycllc  gear  train  dimen- 
sions. Frequency  values  of  interest.  Gear  error  amplitudes.  Exciting 
torque  amplitudes. 

Output:  ' Rotor  station  amplitudes  at  each  frequency.  System  torque  distrib- 
ution. Gear  tooth  forces.  Gear  shaft  bearing  forces  (for  elastically 
mounted  gears).  Axial  and  lateral  tooth  forces  and  displacements  (for 
elastically  mounted  gears). 

Memory  Requirements:  40,000  words. 

Running  Time:  Typically  5 seconds  CPU  for  CDC  6600 

Language:  Fortran  IV 

Availability:  Mechanical  Technology,  Inc. 

968  Albany  Shaker  Road 
Latham,  New  York  12110 

Comment:  This  is  Indeed  a unique  and  useful  program,  since  it  has  the  capd>lllty 

to  simulate  start-op  and  shut  down  conditions  and  backlash  in  gears. 


Torsional  Vibration  Analysis  (T0RVIB) 


Purpose:  To  determine  natural  frequencies  and  transient  response  of  undamped 

and  damped  systems. 

Applications:  Determination  of  natural  frequencies,  vibratory  amplitudes,  and 
dynamic  stresses  for  systsms  such  as  (1)  power  transmission  system,  l.s., 
combination  of  internal  combustion  anginas,  turbines,  pumps  and  compressor 
(11)  powar  generating  aystaa,  l.e.  combination  of  electric  generator,  tur- 
bine, etc. 

Capabilities:  Computes  critical  speeds  and  mode  shapes,  and  responsa  to  tor- 
sional excitations,  if  desired.  Each  shaft  may  have  a number  of  masses. 
Multi-shaft  (shafta  connected  by  gears,  coupling,  etc.)  The  system  may 
contain  up  to  fifteen  branches  and  there  is  no  restriction  on  the  number 
of  branches  at  one  junction.  Couplings:  flexible,  hydraulic  Hooke’s 

coupling.  Flexible  support;  torsional  spring,  etc.  Damping;  material, 
system  damping  and  external  damping.  System  excitation;  excitation 
torque  nay  ba  an  arbitrary  function  of  tins,  l.e.  harmonic,  stop  and 
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ramp  type.  System  may  be  excited  at  a number  of  locations  either  with 
the  same  or  different  type  of  exciting  function.  The  exciting  functions 
may  be  in  phase  or  out  of  phase  with  each  other.  Dynamic  stresses. 

Gear  tooth  flexibility. 

Method:  The  method  treats  the  system  as  a series  of  masses  connected  by 

shafts.  For  a multi-shaft  system,  the  actual  system  Is  replaced  by  a 
dynamically  equivalent  system  In  which  all  shafts  and  masses  rotate  with 
the  same  angular  velocity.  Using  D'Alembert’s  principle,  the  equilibrium 
equations  are  written  for  each  station  of  the  system,  The  number  of 
equations  Is  equal  to  the  number  of  degrees  of  freedom  In  the  entire 
rotating  assembly.  For  stability  calculations,  the  set  of  equations  is 
transformed  Into  standard  form  of  eigenvalue  problem.  The  problem  Is 
then  solved  by  the  QR-2  algorithm.  The  solution  yields  the  natural  fre- 
quencies and  the  mode  shapes  of  the  system.  Response  of  the  system  Is 
carried  out  by  the  method  of  modal  analyala.  The  solution  to  the  gover- 
ning equations  is  vrltten  In  terms  of  the  convolution  Integral  which  Is 
then  Integrated  numerically. 

Input:  Geometry  and  Inertia  properties  of  rotating  system.  Rotating  speeds 

of  multi-shaft  system.  Damping;  material,  system-damping  and  external. 
Flexible  supports.  Data  for  response:  excitation  torques,  frequencies, 

phase  angles  and  locations 

Output:  Natural  frequencies.  Growth  factors.  Mode  shapes.  Vibratory  ampli- 

tudes at  transient  and  steady  state.  Dynamic  stresses. 

Language : FORTRAN  IV 

Memory:  65,000  words 

Typical  Running  Time:  30  seconds  CPU  or  UNIVAC  1108 

Availability:  Mr.  W.  Shapiro 

The  Franklin  Institute  Research  Laboratories 
Philadelphia,  Pa, 


Torsional  Analysis  of  Shaft  Systems  (TASS) 


Introduction:  The  TASS  computer  program  calculates  the  torsional  critical 

frequencies  and  the  forced  dynamic  response  in  torsion  of  undamped 
shaft  systems.  The  static  deflection  pattern  can  also  be  found  by 
forcing  the  shaft  at  0.0  rpm.  This  program  uses  a distributed  mass 
approach.  TASS  can  analyse  any  single  branched  gear  train  system  with 
any  number  of  gear  trains.  Each  gear  train  Is  specified  by  giving  the 
torsional  stiffness  of  the  gears  and  the  gear  ratio.  External  forces, 
lumped  Inertias  and  torsional  springs  to  ground  can  also  be  Included  In 
the  analysis. 

Language:  FORTRAN  IV 

Availability:  Structural  Dynamics  Research  Corporation 

Cincinnati,  Ohio 


Torsional  and  Longitudinal  Natural  Frequencies  (T0RL0NG) 


Capability:  The  toralonal  and  longitudinal  natural  frequencies  of  a general 

branched  shafting  system  modeled  as  a series  of  stations  are  calculated. 
A shafting  station  conalsts  of  a section  of  distributed  parameter 
modeled  shaft,  a lumped  Inertia,  and  springs  to  ground. 

Method:  The  Holser-Mykleatad-Prohl  method  la  used  to  calculate  natural  fre- 

quencies. 

Hardward;  UNIVAC  1108 
Developer:  Dr.  Ronald  L.  Eshleman 

Availability:  Cost  $500.00.  Includes  deck,  instruction  manual,  and  exasples. 
Contact:  The  Vibration  Institute 

5401  Katrine 

Downers  Grove,  111.  60515 
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Attn:  Dr.  Ronald  L.  Eshleman,  Director 


Torsional  System  (TWIST) 

Capability:  For  static  and  steady  state  torsional  loads  It  calculates  the 

angle  of  twist  and  the  twisting  isoment  of  a shaft.  It  also  computes 
the  natural  frequencies  and  mode  shapes  of  torsional  vibration.  The 
torsion  system  can  be  a bar  formed  of  uniform  segments  with  any  loading, 
gears,  branches,  foundations,  and  boundary  conditions. 

Method:  Transfer  matrix  method. 

Input:  Batch  or  timesharing.  An  Interactive  preprocessor  Is  available. 

Language : FORTRAN 

Hardware:  IBM,  CD C,  UNIVAC,  HONEYWELL,  PDF 

Usage:  Well  tested 

Developed:  The  Structural  Members  Users  Croup 

Dept,  of  Engineering  Science  and  Systems 
University  of  Virginia 
Charlottesville,  Va.  22901 
Attn:  W.  D.  Pllkey 

Availability:  Deck  and  documentation  are  available  at  a nominal  cost  from 

developer.  Also  available  on  commercial  systems. 


FLUID-FILM  BEARINGS 

Computer  codes  are  available  to  treat  practically  any  type  of  fluid  film 
bearing  configuration.  Figures  15  and  16  schematically  indicate  some  common 
bearing  types.  In  some  diagrams  a fluid  resistance  Is  coupled  to  a recess 
Incorporated  Into  the  bearing  area.  These  represent  external  pressurization 
that  Is  supplied  to  the  bearing  clearance  to  augment  hydrodynamic  pressure 
capacity.  The  varying  configurations  are  not  as  difficult  to  model  as  they 
appear  to  be.  It  Is  sometimes  sufficient  to  simply  *»ry  a clearance  formation 
routine  to  change  the  bearing  type  and  this  may  only  involve  several  punched 
cards.  For  Rayleigh  - Step  bearings  additional  measures  oust  be  taken  to  In- 
sure pressure  and  flow  continuity  at  the  step  Junction.  Although  this  chap- 
ter la  not  Intended  to  prescribe  what  bearings  should  or  should  not  be  used, 
abbreviated  comments  are  discussed  below. 

360*  Cylindrical  (Plain) 

•simple  construction 

•high  load  capacity 

•whirl  prone 

•high  heat  generation 

•can  be  contamination  sensitive 

•comments  - should  be  used  If  possible,  but  should  be  carefully 
checked  for  problem  areas.  Generally  used  for  medium  speed, 
medium  to  heavy  load  applications. 

360*  Cylindrical  with  Axial  Slots 

•a  little  less  simple,  and  a little  less  load  capacity  than  the  full 
360*  bearing. 

•a  better  cooling  available  (oil  feed)  through  slots  and  less  contamina- 
tion sensitive 

•cosmwnts  - should  be  considered  as  an  alternative  to  a 360* 
plain  journal  If  It  can  correct  a reason  for  elimination  of  a 
plain  bearing. 

Elliptical  and  Lobe  Bearings 
•good  whirl  resistance 
•reasonably  good  load  capacity 
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At  Partial  Are 
Hydrodynamic  Bearing 


a ) 360*  Hydrodynamic 
Sleeve  Bearing 


d)  Partial  Arc  Hydrostatic 
or  Hybrid  Bearing 


c)  360*  Hultireceii  Hydrostatic 
or  Hybrid  Bearing 
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g)  Multi  or  Single  Pod  Rayleigh 
Stop  Hydrodynamic  Bearing 


h)  Multi -Lotto 
Hydrodynomte  Boaring 


Stop  Hydrostatic  or  Hybrid  Boaring 


j)  Combination  lob*  and  Baytoigh 
Stop  Hydrodynamic  Boaring 


b)  Combination  Lob*  ond  Baytoigh 
Stop  HydrottoHC  or  Hybrid  Bearing 


t)  Tilting  Pad  in 
at!  Combinations 


Fig.  It  Some  coaplax  Journal  baaring  typo* 
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•complicated  to  manufacture  (except  for  elliptical) 

•clearance  and  tolerance  aenaltlve 

•comments  - elliptical  bearings  have  poor  horizontal  stiffness 
canted  lobes  (complete  converging  film)  are  better  than  symmetrical 
lobe  configurations 

General  use  la  for  high  speed,  and  for  lov  load  applications 
where  whirl  is  a problem, 

Rayleigh  Step  Bearings 

•excellent  load  and  whirl  free  characteriatlca 
•expensive  to  manufacture  and  tolerance  sensitive 

•consents  - only  used  in  special  applications  because  of  difficulty 
to  manufacture. 

Tilting  Pad  Bearings 
•most  whirl  free 

•not  as  clearance  sensitive  as  isost  bearings 
•generally  provide  less  damping 
•expensive 

•fretting  corrosion  of  pivots  for  high  speed  applications 

•comments  - because  of  whirl  free  characteristics  these  bearings 
are  used  extensively.  Generally  to  facilitate  manufacture  they 
are  designed  and  made  with  insufficient  pre-load  and  excessive 
clearance 

Externally  Pressurized  or  Hybrid 
•very  high  load  capacity 
•extresw  stiffness  capability 

•flow  through  clearance  region  can  have  a cooling  effect 
•clearance  and  tolerance  generally  store  liberal  than  hydrodynamic 
bearings 

•requires  external  fluid  supply  system 

•contents  - applied  when  there  la  insufficient  hydrodynamic  genera- 
ting speed,  or  where  very  high  load  capacity  and  stiffness  are 
required.  Som times  applied  Co  prevent  whirl,  but  they  are  not  as 
whirl-free  as  one  might  Intuitively  think.  Rotational  speed  can 
offset  recess  pressures  in  a way  to  promote  whirl. 

The  basic  governing  equation  for  fluid-film  bearings  Is  Reynold's  Lubri- 
cation Equation 

3 /h3  3P  \ .3  /h3  3P  \ ...  3h  . 3h  ... 

te  \~nj  + W (rw;  ■ 6U  3X  + 12  17  (4) 

Variation  In  aquations  occur,  under  conditions  of  turbulence  but  can  be  ac- 
counted for.  Turbulence  occurs  whan  local  Reynolds  No,  Re  > 1000 

R.  - ^ 

A non-dimensional  fora  of  Reynolds  equation  applicable  to  both  laminar  and 
turbulent  lubrication  is  as  follows: 

lx  [12Gx«3]  H + 17  [12V3 17 ] ■ A[ i k + if]  <5> 

Gx  and  Gy  are  local  plain  eddy  viscosity  cosfflclents  which  are  used  for 
turbulence  corrections.  They  are  dependant  upon  a local  Raynolds  number.  If 
the  Reynolds'  nusfcer  indicates  a laminar  flow,  then  the  G's  are  given  the 
appropriate  lasrtnar  coefficient  values  (A]. 
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Solution  Method* 

There  ere  a number  of  solution  technique*.  The  first  and  most  common 
employ*  the  formation  of  the  differential  equations  Into  finite  difference 
equation*.  Within  this  category  11a  many  numerical  variation*  from  the  for- 
ward and  direct  explicit  formulations  to  the  more  sophisticated  Implicit 
schemes  (5,6).  Reference  (7]  1*  an  excellent  compilation  of  many  common  type* 
of  flnlta  difference  technique*  indicating  advantages  and  preferences. 

Another  basic  formulation  item*  from  a variational  Integral  approach  and 
la  termed  the  finite-element  method.  This  technique  ha*  a long  history  In  the 
field  of  elasticity,  but  has  general  applicability  to  a variety  of  disciplines. 
Reddl  has  applied  this  method  to  both  compressible  and  Incompressible  lubrica- 
tion problems  [8,  9]. 

A typical  grid  network  for  a finite  difference  scheme  Is  shown  In  Fig.  17, 
Alongside  the  grid  network  is  shown  the  pad  bearing  representation.  It  consists 
of  a pad  with  two  recesses  per  pad.  Each  grid  point  is  given  a code  number 
that  clues  the  computer.  For  Instance,  a 0 means  that  the  pressure  Is  speci- 
fied at  that  particular  point  with  zero  gaga  pressure  (Incompressible  bearing) 
at  the  boundary  point*.  The  11  snd  12  Indicate  the  positions  of  the  recess  and 
the  computer  Is  notified  that  the  recess  pressures  are  to  be  determined  there 
In  conjunction  with  the  feed  circuitry  and  restrictor  compensating  types.  The 
Index  8 means  It  Is  a point  where  the  pressure  Is  to  be  computed  from  Reynolds’ 
equation.  The  code  representation  offers  great  flexibility  because  recesses, 
grooves,  etc.  can  be  arbitrarily  located  In  a simple  fashion.  Other  code  num- 
bers exist  for  positions  of  Rayleigh  steps,  lines  of  symmetry  and  joined  boun- 
daries. 


Fig.  17  Grid  network  finite  difference  scheme 

Figure  18  shows  a typical  bearing  representation  of  a hydrostatic  pad  for 
a finite  element  analysis.  Either  quadrilateral  or  triangular  elements  of  ar- 
bitrary size  and  orientation  can  be  used  to  represent  the  bearing  land  area. 
The  blank  spaces  are  recesses.  There  ars  no  restrictions  with  regard  to  coor- 
dinate reference  frames,  such  as  the  case  for  f lnlte-dlf ferenca,  and  fillets, 
radii  tapers,  etc.  present  no  special  difficulty.  Although  not  shown  on  Fig. 
18,  it  Is  necessary  to  number  each  element  and  Identify  each  nodal  point.  The 
greater  flexibility  of  finite  element  schemes  Is  somewhat  counter-balanced  by 
more  difficult  Input  preparation. 

Typical  program  output  Includes: 

•pressure  distribution  throughout  grid  network 
•load  capacity 

•side  leakage  end  carryover  flows 
•viscous  power  losses 
•righting  mosMnte  due  to  misalignments 
•attitude  engles 
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•cron-coupled  spring  and  damping  coefficients  due  to  displacement 
and  velocity  parturbstlone  of  the  Journal  canter.  (These  coeffi- 
cients are  neceasary  for  rotor  dynamic  analyses). 


Experimental  Verification 

Validation  of  codas  has  been  accomplished  by  comparison  with  experimental 
data  and  Information  In  the  literature.  Harry  Rippel  of  the  Franklin  Institute 
conducted  controlled  tests  on  hybrid  o'l  bearings  with  the  express  purpose  of 
validating  computer  predictions.  Ha  tested  a four  recess  hybrid  bearing  In 
which  the  recesses  wsre  symmetrically  spaced.  Results  are  shown  In  Fig.  19  and 
20.  These  figures  shov  dimensionless  load  capacity  and  attitude  angle  vs. 
eccentricity  ratio  for  a pure  hydrostatic  bearing  In  which  rotation  wn 
included.  Through  the  use  of  dimensionless  quantities,  results  are  Independent 
of  supply  pressure.  The  results  Indicate  extremely  good  correlation. 


Load  Direction 

Recent  additions  to  computer  codes  permit  application  of  arbitrary  load 
direction.  The  program  will  reposition  the  Journal  until  applied  and  resisting 
loads  are  collnear. 


Tlltlng-Pad  Bearings 


To  obtain  steady  state  data  for  tlltlng-pad  bearings,  the  pads  are  pivoted 
until  moments  due  to  fluid  film  pressures  are  nulled.  Then  the  pad  Is  In  the 
proper  position.  It  has  bean  found  to  be  advantageous  to  determine  character- 
istics as  a function  of  pivot-film  thickness  for  a single  pad.  Then,  for  mul- 
tiple pad  bearings  It  Is  only  necessary  to  Interpolate  single  pad  data  points 
to  establish  Individual  pad  contributions  to  steady-state  performance.  Total 
bearing  performance  Is  obtained  by  accumulating  the  individual  pad  results. 


Dynamic  Characteristics 


Cross-Coupled  Spring  and  Damping  Coefficients  - Obtained  from  Computer  Analysis 
Cross-coupled  spring  and  damping  coefficients  are  prominently  employed  in 
rotor  dynamics  analysis  and  In  bearing  stability  analysis.  The  general  method 
Is  as  follovs: 

1.  Obtain  equilibrium  operating  position  by  steady-state  analysis. 

2.  Perturb  X and  Y displacements  Independently. 

3.  Compute  - 4F ^/dx  Kyx  - 4Fy/dx 

4.  Return  to  equilibria  and  apply  velocity  perturbations.  £ and  f 

5.  Compute  D^  ■ AF^/i,  D^  ■ AFx/t,  *tc. 

These  are  a total  of  eight  coefficients,  four  spring  and  four  damping,  for  most 
fixed  bearing  configurations.  (Sea  Fig.  21) 

Tilt-pad  bearings  are  special.  Thera  is  cross-coupling  betvsen  pitch  modes 
of  shoe  and  displacements  of  Journal.  For  a S-shoe  bearing  there  are  7 degrees 
of  freedom  and  thus  the  spring  and  damping  matrices  are  each  7x7. 

Bearing  Stability  Analysis 


Cross-coupled  coefficients  are  used  In  establishing  whether  a bearing  Is  prone 
to  self-excited  Instabilities,  Consider  a Journal  of  mass  a operating  In  a 
bearing.  The  Journal  can  be  considered  to  have  two  degress  of  freedom,  x and  y. 
The  governing  equations  are 
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mx  + k x + k y + d x + d y-0 
xx  xy  xx  ty 


my  + k x + k y + d x + d y-0 
yx  yy  yx  yy' 


Assume  a small  disturbance 


X ' X°*6 
y ■ yn* 


(6) 


(7) 


where  B is  a complex  variable.  Substituting  into  the  equations  of  motions 
produces  the  following 


(me2  + DB  + K)  (d  B + K ) 


xy 


xy 


(Bd  + k ) (mB2  + Bd  + k ) 
yx  yx  yy  yy 


(X° 


{0}  (8) 


The  determinant  of  the  coefficient  matrix  must  vanish.  Expansion  pro- 
duces a polynomial  in  B that  can  be  solved  for  the  roots  of  $.  The 
real  parts  are  growth  or  attenuation  factors,  and  the  imaginary  parts  are  the 
frequencies.  A positive  real  part  implies  an  instability  (see  Fig.  22).  A 
typical  stability  map  is  shown  on  Fig.  23.  It  shows  a critical  mass  para- 
meter as  a function  of  Soaawrfeld  Number  for  a four  sectored  axial-grooved 
Journal  bearings. 


The  following  are  the  more  significant  and  useful  programs. 


Bearing  and  Seal  System  (INCYL) 

Purpose!  To  determine  steady-state  performance,  spring  and  damping  coeffi- 
cients and  stability  of  cylindrical  bearings  in  laminar  regime. 

Applications:  General  determination  of  journal  bearing  perfonsance. 

Capabilities:  Bearing  configurations  Include  cylindrical,  grooved,  symmetri- 

cal and  canted  lobes  (up  to  six  lobes),  Rayleigh  step,  pressure  dam. 
Hydrodynamic,  hydrostatic  or  hybrid  bearing  configurations.  Cavitation. 
Symmetry  boundary  conditions  to  improve  accuracy  or  speed  of  computation. 

As  many  as  ten  recesses,  each  with  arbitrary  specified  capillary,  orifice 
or  flow  control  valve  compensation.  Recess  pressures  specified  or  com- 
puted In  conjunction  with  feed  circuit  problem.  Arbitrary  placement  of 
grooving  and  three  other  known  pressure  conditions.  Production  of 
dynamic  spring  and  damping  constants  due  to  normal  relative  velocity  of 
opposed  surfaces.  Nondlmenslonal  or  dimensional  Input/output.  Deter- 
mination of  stability  where  the  shaft  journal  la  considered  as  a point 
mass. 

Method:  The  bearing  area  is  subdivided  into  a grid  pattern  and  the  pressure 

at  each  point  la  determined  by  numerical  solution  of  the  Reynold's  lubrica- 
tion equation.  For  externally  pressurised  systems,  continuity  of  flow 
through  the  supply  circuit  and  bearing  film  is  also  satisfied.  The 
Reynolds'  equation  is  solved  by  the  lapllcity , non-lteratiqp  matrix 
coluai  inversion  method  ($].  Advantage  is  taken  of  the  linearity  of  the 
equation  by  employing  component  solutions  (Influence  coefficients)  to 
solve  the  feed  circuit  problem  {5J. 

Input:  Geometry  and  orientation.  Misalignment , eccentricity.  Specified  film 
thickness,  optional.  Location  of  origin  for  moments  and  tilts.  Rota- 
tive spaed.  Normal  velocity.  Restrictor  coefficient  and  else.  Cavita- 
tion vapor  presaura.  Supply  circuit  pressures  (or  flows).  Supply  system 
feed  circuitry.  Perturbation  for  spring  and  damping  coefficients. 
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INTERPRETATION  OF  X • X0t 

WHERE 
/9  = a + i« 

x«x0ea,eiw,-x0eo,(cos«t  +i  sin  «t) 


REAL  PART  a - GROWTH  FACTOR 
IMAGINARY  PART  w-  FREQUENCY 


Fig.  22  Interpretation  of  atablllty  paraaetere 


Mine*  ami  uhhaiios  cosmm.K  rmnMAMs 


Dimensional  data  for  computation  of  stability. 

Output:  Pressure  distribution.  I.oad  capacity.  Flow  (Individual  recess  and 

total).  Recess  pressures.  Viscous  power  loss.  Center  of  pressure. 
Righting  moments  about  orthogonal  axes  through  origin.  Minimum  film 
thickness.  Component  solutions  for  Individual  recesses  and  velocities. 
Side  leakage.  Supply  circuit  flows  (or  pressures).  Attitude  angles. 
Cross-coupled  spring  and  damping  coefficients.  Stability  parameters. 
Language:  FORTRAN  IV 

Memory : 65,000  words 

Running  time:  10-20  seconds  per  case  UN1VAC  1108 

Author:  W.  Shapiro 

Availability:  The  Franklin  Institute  Research  Laboratories 

Philadelphia,  Pa.  19103 

Attn:  Mr.  U.  Shapiro,  Manager  of  the  Mechanical  Engineering 

Laboratory 


Tilting  Pad  Journal  Bearing  Performance  (TPJB) 


Purpose:  To  determine  steady  state  and  dynamic  characteristics  of  tilting 

pad  journal  bearings. 

Applications:  Design  of  tilting  pad  Journal  bearings  Incompressible  laminar 

and  turbulent  regime. 

Capabilities:  Option  for  non-dimensional  or  dimensional  Input.  Computation 

of  steady  state  performance  of  multi-pad  bearings.  The  pivot  position 
Is  pre-speclfied . Option  for  computation  of  cross-coupled  spring  and 
damping  coefficients  of  multi-pad  bearing.  Complete  cross-coupled  spring 
and  damping  matrices  are  produced  In  a square  matrix.  The  size  of  the 
matrix  Is  equivalent  to  the  number  of  degrees  of  freedom. 

For  example,  for  pads  that  pitch  only,  the  nuafcer  of  degrees  of  freedom 
la  equivalent  to  the  number  of  pads  plus  2,  which  are  the  journal  dis- 
placements. In  addition  to  the  stiffness  and  damping  matrices,  equiva- 
lent spring  and  damping  coefficients  are  determined  for  use  In  synchro- 
nous unbalance  response  studies.  The  equivalent  matrix  Is  the  4x4 
matrix  reduced  from  the  complete  matrix  and  Is  a function  of  the  complete 
amtrlx  coefficients,  the  shoe  Inertia  properties,  and  the  vibrational 
frequency  which  Is  assumed  synchronous.  Option  for  computing  whirl  and 
flutter  stability.  The  stability  Information  Is  produced  as  responses 
to  small  disturbances  In  terms  of  growth  factors  and  frequency.  A 
positive  growth  factor  Implies  a growing  response  or  Instability.  The 
resulting  frequencies  are  uaeful  because  they  represent  natural  frequen- 
cies of  the  system.  Option  for  completing  a heat  balance.  The  heat 
balance  produces  Inlet  aide  leakage  and  carry-over  temperatures  as  well 
as  the  average  tempercture  for  viscosity  determinations  and  steady  state 
performance.  Options  for  conducting  a time  transient  or  nonlinear  orbit 
analysis.  The  shoes  are  permitted  degrees  of  freedom  In  pitch  and 
radial  translations  while  the  Journal  Is  permitted  X and  Y translation!. 
Option  for  producing  either  dimensional  or  nondimens lonal  output. 

Method:  Steady-State  Performance  - steady  state  performance  of  each  of  the 

Individual  shoes  Is  obtained  by  an  Iterative  acheme  whereby  the  shoes  are 
pitched  until  mosMnts  about  the  pivot  position  are  nulled.  Bearing  per- 
formance le  accomplished  by  accumulating  the  Individual  pad  data. 

Spring  and  Pawing  Coefficients  - these  are  obtained  by  perturbing  the 
journal  in  X and  Y displacements  and  velocities  while  holding  the  pads  In 
their  equilibrium  positions.  The  pads  are  then  given  pitch  displacements 
and  velocities  while  the  shaft  la  held  In  Its  equilibrium  position. 
Equivalent  spring  and  damping  coefficients  are  a function  of  the  stiff- 
ness and  damping  matrices  plus  the  frequency  of  vibration.  Synchronous 
frequency  Is  assuawd. 

Stability  - utilizing  spring  and  damping  coefficient  matrices,  whirl 
stability  of  the  journal  and  flutter  stability  of  the  Individual  pads  are 
established  by  analyzing  the  coaq>lete  coupled  system  of  pads  and  journal. 
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The  stability  Information  la  produced  as  responses  to  small  dlaturbancea 
In  terms  of  a growth  factor  and  frequency. 

Heat  Transfer  - specified  Inlet  flow  la  mixed  with  the  carry-over  flow 
from  the  preceding  pads  to  produce  an  Inlet  temperature  at  the  leading 
edge.  Vlscoua  heat  generation  is  then  added  to  the  fluid  flowing  through 
the  pads  which  permits  computation  of  a side  leakage  and  exit  flow  temo- 
eratures.  All  heat  transfer  Is  between  fluids. 

Time  Transient  Analysis  - at  each  Interval  of  time,  Reynolds'  equation  la 
solved  throughout  the  grid  network  representing  the  pads.  Fluid  film 
forces  are  added  to  external  forces  and  the  dynamics  equations  establish 
accelerations,  velocities  and  displacements  for  the  next  time  Interval. 
The  dlsplacesients  produce  a new  clearance  distribution  in  the  bearing 
which  requires  solution  of  Reynolds'  equation  an-*  the  process  continues. 
Input:  Initial  pitch  displacements,  ahaft  displacements,  pitch  velocities  and 

shaft  velocities.  Geometry  of  the  bearing  system.  Pivot  locations, 
pivot  film  thickness.  Operating  speeds  and  external  forces.  Various 
Indicators  for  options. 

Output:  Individual  pad  forces  and  accussilated  forces.  Individual  pitch  posi- 

tions of  the  pads.  Individual  flows  and  accumulated  flows.  Individual 
friction  viscous  drags  and  accumulated  viscous  friction.  Pressure  dis- 
tribution In  all  pads.  Stiffness  and  damping  matrices.  Stability  data. 
Language:  FORTRAN  IV 

Memory  Requirements:  65,000  words 

Receiving  time:  10-20  seconds  per  case  on  UNIVAC  1108 

Availability:  The  Franklin  Institute  Research  Laboratories 

Philadelphia,  Pa.  19103 

Attention:  Mr.  W.  Shapiro  - Manager  of  the  Mechanical 

Engineering  Laboratory. 


Turbulent-Laminar  Hybrid,  Cylindrical  Baarlngs  (ITURB) 

Purpose:  To  determine  steady-state  performance  characteristics  of  hybrid 

bearings  operating  with  cavltated  regions  in  the  laminar  or  turbulent. 
Incompressible  flow  regime. 

Application:  Primarily  applicable  to  hydrodynamic,  hydrostatic,  and  hybrid 

bearings  which  operate  with  turbulence,  either  pressure  Induced  or 
rotation  Induced. 

Capabilities:  Variable  grid.  Eccentricity,  misalignment,  and  deformation  to 

specify  arbitrary  clearance  distributions.  Cavitation  for  hydrodynamic 
and  hybrid  modes.  360  degrees  or  partial  arc  cylindrical  bearings. 
Symmetry  boundary  conditions  on  edges  to  improve  accuracy  or  speed  of 
computation.  Maximum  of  twenty  recesses  per  bearing  with  capillary 
compensation  fed  from  a constant  pressure  supply  or  constant  flow  to  each 
recess.  Recess  pressures  specified  or  computed  In  conjunction  with  feed 
circuit  problems.  Arbitrary  placement  of  grooving  and  three  other  known 
pressure  conditions.  Consideration  of  Inertia  effects  at  recess  and 
groove  boundaries.  Dynamic  spring  and  damping  constants  due  to  normal 
relative  velocity  of  opposed  surfaces.  DtmensJ  jnless  parameters  for 
Increased  generality. 

Method:  The  bearing  area  Is  subdivided  Into  a rectangular  grid  pattern  and 

the  pressure  at  each  grid  point  determined  by  simultaneous  numerical 
solution  of  modified  turbulence  mars  flow  and  momentum  from  that  point. 
Turbulence  effects  on  the  fluid  flow  a a considered  for  each  grid  domain. 
The  fluid  film  flow  results  are  coupled  to  the  external  supply  by  flow 
continuity  to  solve  for  recess  pressures  and  flow  requirements  [6).  An 
Iterative  scheme  Is  employed  to  eolve  the  problem  for  unknown  recess 
pressures  [6]. 

Input/Output:  Geometry  and  orientation.  Misalignment,  eccentricity,  struc- 

tural deformation.  Specified  film  thickness.  Lubricant  properties. 
Location  of  origin  for  moments  and  tilts.  Rotative  speed.  Axial  flow 
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pressure  gradient  parameter.  Normal  velocity.  Restrictor  coefficient 
and  size.  Cavitation  vapor  preeaure.  Supply  circuit  pressures  (or 
flow) . 

Output:  Pressure  distribution.  Load  capacity  and  attitude  angle.  Plow  (In- 

dividual recess  and  total).  Recess  pressures.  Viscous  power  loss-. 

Center  of  pressure.  Righting  moments  about  orthogonal  axes  through 
origin.  Minimum  film  thickness.  Side  leakage.  Supply  circuit  flows  (or 
pressures) . 

Language : FORTRAN  IV 

Memory  Requirements:  65,  000  words 

Running  time:  10-20  seconds  a case  on  UNIVAC  1108 

Availability:  Franklin  Institute  Research  Laboratories 

Philadelphia,  Pa.  19103 

Attention:  Mr.  U.  Shapiro,  Manager  of  the  Mechanical 

Engineering  Laboratory. 


Performance  of  Liquid  Lubricated  Journal  Bearings  (CADENSE-30) 

General  Description:  This  program  computes  the  normalized  film  forces,  flow 

rates,  friction  factor,  and  stiffness  and  damping  coefficients  for  multi- 
ple pad  (with  or  without  preloading)  and  single  arc  liquid  lubricated 
Journal  bearings.  The  single  arc  data  Is  suitable  for  assembly  Into 
tilting  pad  bearing  data.  The  program  accounts  for  cavitation  of  the 
lubricant,  and  la  applicable  to  both  laminar  and  turbulent  lubricant 
regimes.  The  program  allows  specification  of  journal  location  relative 
to  the  pads,  or  Is  capable  of  Iteratively  determining  the  correct 
Journal  attitude  angle  for  a specified  load  direction.  The  critical  mass 
for  bearing  stability  Is  also  calculated. 

Analysis:  A finite  difference  solution  of  the  two-dimensional  Incompressible 

lubrlcutlon  equation  Is  used  to  calculate  the  bearing  pressure  distribu- 
tion for  a particular  journal  location.  If  the  load  direction  la  speci- 
fied relative  to  the  bearing  pads,  the  program  Initially  assumes  a 
journal  location  and  Integrates  the  corresponding  pressure  distribution 
to  yield  bearing  film  fotce  components  and  the  direction  of  their  resul- 
tant. The  journal  location  la  then  Iteratively  adjusted  until  the  bear- 
ing forces  act  vertically  within  a specified  convergence  limit,  at 
which  stage  the  stiffness  and  damping  coefficients  are  calculated  by 
dynamic  perturbation  of  the  pressures. 

Features:  Provides  data  in  dlmsnslonlesa  form,  applicable  to  a wide  range  of 

operating  conditions. 

Input:  Bearing  L/D  ratio.  Reynolds  number  (If  turbulent).  Bearing  pad 

geometry. 

Output:  Bearing  film  forces.  Bearing  eccentricity  ratio.  Friction.  Flow 

rate.  Attitude  angle.  Stiffness  coefficients.  Damping  coefficients. 
Critical  journal  mass  cost flclants. 

Memory  Requirement : 32,000  words 

Running  Time:  Typically  six  seconds  CPU  for  CDC  6600/Bearing  eccentricity. 

Language : FORTRAN  IV 

Availability:  Mechanical  Technology,  Inc. 

968  Albany  Shaker  Rd. 

Latham,  N.Y,  12110 


Design  of  Liquid  Lubricated  Axial  Groove  Journal  Bearings  (CADENSE-31) 

General  Description:  This  program  calculates  dimensional  static  and  dynamic 

performance  data  for  liquid  lubricated  axial  groove  journal  bearing.  It 
will,  at  the  user's  option,  perform  s heat  balance  upon  the  power  loss, 
lubricant  flow,  and  lubricant  characteristics  to  yield  an  effective,  mean 
operating  viscosity,  and  corresponding  performance  data.  The  program 
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operates  on  basic  dimensionless  data  to  generate  dimensional  bearing 
data.  Dimensionless  data  are  obtained  from  Cadenae  Program  CAD-30.  Sets 
of  CAD- 30  output  data  may  be  purchased  individually.  One  set  la  ini- 
tially provided  with  CAD  No.  31. 

Analysis:  The  basic  data  conalats  of  dimensionless  performance  parameter 

values  at  a series  of  discrete  values  of  journal  eccentricity  ratio. 
Dimensional  design  and  performance  data  are  calculated  by  the  program  for 
specified  bearing  aize  operating  speed,  applied  load,  and  lubricant 
properties,  using  Interpolation  to  establish  continuously  varying  perfor- 
mance quantities  in  terms  of  the  discrete  basic  data  points. 

Language : FORTRAN  IV 

Availability:  Mechanical  Technology,  Inc. 

968  Albany  Shaker  Rd. 

Latham,  N.Y.  12110 


Design  of  Liquid  Lubricated  Tilting  Pad  Journal  Bearings  (CADENSE-32) 

General  Description:  This  program  calculatss  dimensional  static  and  dynamic 

performance  data  for  liquid  lubricated  tilting  pad  Journal  bearings.  It 
performs  a heat  balance  baaed  upon  power  loss,  lubricant  flow  and  lubri- 
cant characteristics  to  yield  an  effective  swan  operating  viscosity  and 
corresponding  performance  data. 

Analysis:  The  program  oparates  on  basic  dimensionless  pad  data  to  generate 

dimensional  bearing  data.  Dimensionless  data  are  obtained  from  Cadenae 
Program  No.  CAD-30.  Seta  of  data  may  be  purchased  individually  (see 
price  Hat).  One  is  initially  provided  with  CAD-32.  The  basic  pad  data 
consists  of  dimensionless  performance  parameter  values  for  a single 
bearing  pad  at  a series  of  discrete  values  of  journsl  eccentricity  ratio. 
The  program  initially  assembles  the  single  pad  data  to  yield  dimension- 
less performance  parameters  for  a journal  bearing  with  a specified  number 
of  pads,  which  may  be  preloaded  or  nominally  concentric  with  the  Journal. 
The  assailed  bearing  data  is  calculated  and  stored  by  the  program  for  a 
range  of  discrete  bearing  eccentricity  ratios.  Dlmsnslonal  performance 
data  Is  then  calculated  by  the  program  for  specified  bearing  sizs,  opera- 
ting speed,  applied  load,  and  lubricant  propertlss,  using  Interpolation 
to  establish  continuously  varying  performance  quantities  In  terms  of  the 
discrete  assenbled  data  points.  The  heat  balance  is  performed  asaumlng 
all  heat  Is  carried  sway  by  the  lubricant  (a  conservatlvs  assumption) . 

The  user  Is  frit  to  spacify  the  fraction  of  overall  temperature  rise  to 
be  applied  In  determining  the  effective  mean  operating  viscosity. 

Input:  Bearing  geometry.  Lubricant  characteristics.  Speeds  of  Interest. 

Applied  loads  of  Interest.  Dlmsnslonlsss  bearing  data. 

Output:  Bearing  eccentricity  ratio.  Lubricant  flow.  Power  loss.  Stiffness 

and  damping  values.  Bearing  temperature  rise. 

Memory  Requirement : 20,000  words. 

Running  time:  Typically  3 seconds  CPU  for  CDC  6600 

Language:  FORTRAN  IV 

Availability:  Mechanical  Technology,  Inc. 

968  Albany  Shaker  Rd. 

Latham,  N.Y.  12110 


Performance  of  Pressure  Dam  Journal  Bearings  (CADENSE-36) 

General  Description:  This  program  computes  the  pressure  distribution,  normal- 

ized film  forces,  flew  rate,  friction  factor,  and  stiffness  and  damping 
coefficients  for  the  pressure  dam  Journal  bearing.  The  program  accounts 
for  cavitation  of  the  lubricant,  and  Is  applicable  to  both  laminar  and 
turbulent  lubrication  regimes.  The  program  allows  specification  of 
journsl  arcs,  or  Is  capable  of  Iteratively  determining  the  correct 
journal  attitude  angle  for  s specified  load  direction.  The  critical  mass 
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for  bearing  stability  is  also  calculated. 

Analysis:  A finite  difference  solution  of  the  two-dlimnalonal  incompressible 

lubrication  equation  is  used  to  calculate  the  complete  bearing  pressure 
distribution  for  a particular  journal  location.  The  solution  method 
accounts  for  surface  discontinuities  in  the  upper  pad.  If  the  load 
direction  is  specified  relative  to  the  bearing  arc,  the  program  initially 
assumes  a Journal  location  and  integrates  the  corresponding  pleasure 
distribution  to  yield  bearing  film  force  components  and  the  direction  of 
their  resultant.  The  journal  location  is  then  iteratively  adjusted  until 
the  bearing  forces  act  vertically  within  a specified  convergence  limit, 
at  which  stage  the  stiffness  and  damping  coefficients  are  calculated  by 
dynamic  perturbation  of  the  pressures. 

Features:  Provides  data  in  dimensionless  form,  applicable  to  a wide  range  of 

operating  conditions. 

Input:  Upper  arc  L/D  ratio.  Lower  arc  L/D  ratio.  Reynolds  No.  (if  turbu- 

lent). Angular  extent  of  upper  end  lower  area.  Location  of  arcs  rela- 
tive to  load  direction.  Upper  arc  pocket  width,  length,  d»pth  ratios. 

Output:  All  input.  Load  capacity.  Friction.  Flow  rate.  Attitude  angle. 

Stiffness  coefficients.  Damping  coefficients.  Critical  Journal  mass 
parameter. 

Memory  Requirement:  64,000  words  (can  be  tailored  to  fit  smaller  capacities). 

Running  tlsw:  Typically  10  seconds  CPU  for  CDC  6600/Bearing  eccentricity 

ratio. 

Language:  FORTRAN  IV 

Availability:  Mechanical  Technology,  Inc. 

968  Albany  Shaker  Rd. 

Latham,  N.Y.  12110 


Performance  of  Deep  Pocket  Hydrostatic  Journal  Bearings  (CADENSE-38) 

General  Description:  This  program  computes  the  pressure  distribution,  film 

forces,  flow  rates,  and  stiffness  and  damping  coefficients  for  the  multi- 
ple pocketed  hydrostatic  journal  bearing,  with  or  without  axial  drain 
groovea.  The  program  accounts  for  independent  orifice  restriction  to 
each  pocket.  The  program  is  applicable  both  to  turbulent  or  laminar 
operation. 

Analysis:  a finite  difference  solution  of  the  two-dimensional  lncospresslble, 

lsovlscoua,  lubrication  equation  is  used  to  calculate  the  bearing  pres- 
sure distribution.  The  nonlinear  "Ng-Elrod"  theory  of  Poiseullle  flow 
Induced  turbulence  is  employed.  A simple  "Bernoulli"  pressure  drop  at 
exit  from  the  pockets  is  imposed  - based  on  the  mean  film  velocity.  The 
combined  nonlinearity  of  turbulence,  Bernoulli  pressure  drop  and  orifice 
flow  balance  are  handled  by  a generalised  Nevton-Raphson  iterative  algo- 
rithm. 

Features:  Dimensionless  or  dimensional  usage.  Point  by  point  and  tabular 

summary  output.  Orifice  slxe  may  be  specified  directly,  or  obtained  from 
calculation  by  specifying  a particular  pocket  pressure  ratio  under  sero 
eccentricity  conditions. 

Input:  Bearing  geometry.  Pocket  geometry.  Orifice  geometry.  Lubricant 

density  and  viscosity,  or  Poiseullle  flow  Reynolds  No. 

Output:  All  input.  Bearing  load.  Soaring  flew.  Bearing  stlffnssa  and 

damping.  Pad  pressures  and  forces. 

Memory  Requirements:  64,000  words 

Running  time:  Typically  20  seconds  per  pad  per  eccentricity  ratio 

Language:  FORTRAN  IV 

Availability:  Mechanical  Technology,  Inc. 

968  Albany  Shaker  Rd. 

Latham,  N.Y.  12110 
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Journal  Bearing  Dealgn  Program 

Capability:  This  program  la  the  same  aa  the  Time  Transient  Nonaynchronoua 

Rotor  Response  Program  without  the  rotor.  Stiffness  and  damping  proper- 
ties are  calculated  by  this  program. 

Availability:  This  program  Is  for  rent: 

Dr.  M.  F.  Glberson 
Turbo  Research  Inc. 

1440  Pliucnixvllle  Pike 
Ueat  Chester,  Pa. 
should  be  contacted  for  details. 


Calculation  of  Bearing  Coefficients  and  Stability 
of  Short  Journal  Bearing,  L/D<1  (JBRGCOF) 


Date:  1974 

Capability:  The  stlffnesa  and  damping  coefficients  for  a pressurized  plain 

journal  bearing  are  calculated.  The  eccentricity  and  attitude  angle  at 
operating  speed  are  given  and  the  stability  of  the  bearing  system  Is 
checked.  Handles  horizontal  and  vertical  rotor  bearings. 

Method:  The  Reynolds  equation  fur  a short  bearing  Is  Integrated  to  give  the 

fluid  film  pressure.  Cavitation  is  considered  by  setting  negative  pres- 
sure equal  to  zero.  Bearing  stiffness  and  damping  coefficients  are 
determined  from  the  numerical  Integration  of  the  pressure. 

Limitations  and  Restrictions:  This  program  applies  to  plain  Journal  bearing 

with  a length  to  diameter  ratio  less  than  one.  The  fluid  film  la 
assumed  lncompreselble  and  isothermal. 

Input:  Requires  bearing  geometry  and  fluid  film  properties.  No  preproceaaor. 

Output:  Gives  stiffness  and  damping  coefficients  and  the  stability  of  the 

system. 

Language:  FORTRAN  IV 

Hardware:  CDC  6400  with  a 25  k words  core 

Usage:  This  program  has  had  extensive  usage.  A technical  manual  Is 

available  [11]. 

Developer:  E.  J.  Gunter 

Dept,  of  H .tanlcal  Engineering 
University  of  Virginia 
Charlottesville,  Va.  22901 

Availability:  Deck  and  documentation  available  from  developer.  Price  on 

request . 

Subjective  Commente:  The  documentation  Is  brief  but  adequate.  The  cost  per 

run  la  approximately  $1.20. 


Calculation  of  Bearing  Coefficients  and  Equilibrium 
Position  of  a Long  Journal  Bearing  (LJBFEM) 


Date:  1974 

Capability!  The  stiffness  and  damping  coefficients  of  a long  journal  bearing 
are  calculated  for  horizontal  or  vertical  rotor  bearings.  Used  as  input 
to  MFIH4  and  CR1TSPD. 

Method:  The  fluid  film  Is  modeled  by  finite  elements  and  tha  pressure  and 

film  thickness  are  approximated  by  the  Reynolds  equation.  Cavitation  la 
considered  by  setting  negative  pressures  equal  to  zero.  A leakage 
correction  Is  also  used. 

Limitations  and  Restrictions:  Applies  to  plain  Journal  bearings  with  a length 

to  diameter  ratio  greater  than  one.  The  fluid  film  Is  assumed  to  be 
Incompressible  and  Isothermal 

Input:  Bearing  geometry  and  fluid  film  properties.  No  preproc: asor. 

Output:  At  the  equilibrium  position,  tha  fluid  film  thickness  and  pressure 
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ar<>  given.  Intermediate  Iteration  results  and  final  bearing  coefficients, 
forces,  equillbrlua  position,  eccentricity,  attitude  angle,  and  Sonmerfeld 
number  are  printed. 

Language : FORTRAN  IV 

Hardware:  CDC  6400  with  25  k core 

Usage:  This  program  has  had  extensive  usage. 

Developer:  Dr.  G.  J.  Gunter 

Dept,  of  Mechanical  Engineering 
Univeraity  of  Virginia 
Charlottesville,  Va.  22901 

Availability:  Deck  and  documentation  available  from  developer.  Price  on  re- 

quest . 

Subjective  Consents:  The  documentation  la  brief  and  some  input  was  not  fully 

described.  Cost  is  approximately  $1.20  per  run. 


Finite  Journal  Bearlnga  and  Centrally  Loaded 
Partial  Arc  Bearings  (FJBFEM1)  [12] 


Date:  1975 

Capability:  This  program  determines  the  direct  and  cross-coupling  coeffi- 

cients of  finite  length  Journal  and  partial  arc  bearings  with  an  incom- 
pressible fluid  film.  The  pressure  profile,  load  carrying  capacity,  and 
friction  loss  for  a horizontal  or  vertical  bearing  is  also  determined. 
Cavitation  and  variable  viscosity  is  considered. 

Method:  Solves  the  equations  of  motion  using  a finite  element  technique. 

Limitation  and  Restrictions : Journal  bearings  must  have  a length  to  diameter 

ratio  of  less  than  1 and  the  partial  arc  bearing  must  have  a length  to 
diameter  ratio  less  than  1/2. 

Input:  Bearing  geometry,  fluid  properties,  and  operating  conditions. 

Output:  Equilibrium  position,  bearing  coefficients,  load  carrying  capacity, 

friction  loss,  attitude  angle,  and  eccentricity  ratio. 

Language:  FORTRAN  IV 

Hardware:  CDC 

Usage:  Limited  usage. 

Developer:  Dr.  E.  J,  Gunter 

Department  of  Mechanical  Engineering 
University  of  Virginia 
Charlottesville,  Virginia  22901 

Availability:  Contact  E.  J.  Gunter  for  details. 

Subjective  Coaawnts:  Well  documented  program  with  validation  and  example 

problems . 


Multilobed  Bearing  Program  (BRGCML  2)  [13] 


Date:  1975 

Capability:  This  program  dete:»iae*  the  direct  and  cross-coupling  stiffness 

and  damping  coefficients  of  multilobed,  axial  groove,  and  partial  arc 
bearings  with  an  Incompressible  fluid  film.  The  stability  of  the  bearing 
is  determined.  Vertical  or  horizontal  bearings  may  be  analysed. 

Method:  Integrates  the  equations  of  motion  snd  use  a Newton- Raphson  iteration 

to  search  for  the  equilibrium  position. 

Limitations  and  Restrictions : Constant  loading  and  finite  length. 

Input:  Bearing  geometry,  fluid  properties  and  operating  conditions. 

Output:  Equilibrium  position,  besrlng  coefficients,  snd  stsbillty  of  the 

bearing. 

Language:  FORTRAN  IV 

Hardware : CDC 

Usage:  Well  tested. 

Developer:  Dr.  E.  J.  Gunter 

Dept,  of  Mechanical  Engineering 
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University  of  Virginia 
Charlottesville,  Vs.  72901 
Availability:  Contact  Dr.  E.  J.Cuntar  for  detail. 

Subjective  Consents:  Well  documented  program  with  validation  and  example 

problems. 


Calculation  of  bearing  Coefficients  and  Stability 
of  Multi-Lobe  Axial  Groove  Bearings  (STABIL) 

Date:  Program  prepared  In  July  1974. 

Capability:  Same  aa  BRGCML  2 

Method:  Same  as  BRGCML  2 

Limitations  and  Restrictions:  Same  as  BRGCML  2 except  It  applies  to 

Increasing  vertical  loading  of  horizontal  bearings. 

All  remaining  comments  are  the  same  as  BRGCML  2. 
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Aircraft  Noise  Prediction 


Jimmy  Cawthom  and  Ronnie  Gillian 
A I AS  A iMngley  Research  Center 


INTRODUCTION 

Computer  programa  for  ehe  purpoae  of  predicting  aircraft  nolae  repreaent 
a new  technology  area  which  la  currently  undergoing  Improvement  and  new 
development.  NASA's  activities  associated  with  this  Improvement  and  develop- 
ment are  discussed  in  [1].  The  requirement  for  thie  predictive  ability  stems 
from  the  need  to  assess  the  benefits  of  new  alrcraft/engine  designs  or 
proposed  modifications  to  existing  aircraft.  These  benefits  can  be  assessed 
In  terms  of  the  noise  signature  of  a single  engine  or  aircraft.  Or,  the 
assessment  can  be  made  In  te"-  of  sensitivity  studies  of  airport  community 
Impact  due  to  changes  In  alrcraft/alrport  operations  procedures,  types  of 
aircraft,  and  fleet  mixes. 

The  types  of  computer  programs  needed  to  satisfy  these  requirements  are 
source  noise  modeling  programs  for  the  single  aircraft  signature  and  community 
exposure  modeling  programa  for  the  sensitivity  studies.  The  source  noise 
modeling  programa  are  typically  used  by  engineering  and  research  specialists 
In  aircraft  nolae,  while  the  comamnlty  exposure  programs  are  typically  used 
by  nolae  control  engineers,  civil  engineers,  or  comemnlty  planners. 

The  programa  which  are  currently  available  for  the  prediction  of  aircraft 
noise  are  principally  empirical  and  largely  data  base  dependent.  The  programs 
operate  at  different  functional  levels  of  computational  sophistication  with 
the  source  noise  programs  being  higher  In  level  of  sophistication  (treatment 
of  acoustical  detail)  than  the  cotnunlty  exposure  programs.  There  Is  a desire 
to  Improve  the  analytical  modeling  capability  and  thus  decrease  the  dependency 
on  data  bases  or  empiricisms,  particularly  for  the  higher  level  programs. 

The  source  nolae  modeling  programs  are  used  to  predict  the  noise  generated 
by  a single  aircraft  event,  and  the  computational  results  are  typically  given  In 
scales  of  A-level  or  Effective  Perceived  Noise  Level  In  units  of  dB(A)  and 
EPNdB,  respectively.  The  coaaunlty  exposure  programs  are  used  to  predict 
noise  from  multiple  aircraft  events  and  the  nest  commonly  used  indices  are 
Nolee  Exposure  Forecast  (NEF)  In  dB-llke  units  and  Day-Night  Level  (L.  ) In 
units  of  dB. 

The  purpose  of  this  paper  Is  to  describe  some  aircraft  noise  prediction 
programs  which  are  generally  available  and  which  have  been  Incorporated  Into 
an  Interim  system  at  the  Langley  Research  Center.  A background  discussion 
including  levels  of  acoustical  sophistication  and  units  of  measure  Is  also 
presented  as  an  aid  to  understanding  the  requirements  of  an  aircraft  noise 
prediction  system. 


SYMBOLS 


Symbol 

Unit 

EPNL 

la 

EPNdB 

dB(A) 

Effective  Perceived  Noise 
A-welghted  sound  pressure 

Level 

level 
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S 

dB(D) 

D-welghted  sound  pressure  level 

Ldn 

dB 

Day-Night  Level 

NEF 

dB  like 

Noise  Exposure  Level 

PNL 

PNdB 

Perceived  Noise  Level 

PNLT 

PNdB 

Tone  Corrected  Perceived  Noise  Level 

(For  detailed  definitions  see  [ 2j) 

BACKGROUND 


Levels  of  Predictive  Capability  and  Their  Uaers 

A a an  aid  In  understanding  the  present  atata  of  the  art  and  future 
requirements  of  aircraft  noise  prediction,  the  following  concept  of  levels 
of  sophistication  is  presented,  There  Is  envisioned  a hierarchy  of  four 
functional  levels  of  computstional  sophistication  required  to  satisfy  the 
needs  of  various  user  groups  as  la  shown  in  Pig,  1 which  la  takan  from 
(1],  Level  I represents  the  simplest  conceptual  mode  of  computational 
capability.  This  level  would  produce  meaaures  of  cosasunlty  noise  environment 
by  the  use  of  time-integrated  flyover  (Noise,  Thrust,  Altitude)  data  or  from 
an  Integration  of  the  overall  noise  level  of  Level  II. 


Pig.  1 Aircraft  nolaa  prediction  functional  levels 


Laval  II  should  produce  an  overall  (type)  nolaa  level,  as  a function  of 
distance  and  tins,  baaed  on  the  use  of  Input  parameters  and  computed  or 
measured  values  of  noise  lavels  such  aa  PNdB  and  dB(A)  which  vary  during  the 
aircraft  flyover.  The  rasulta  produced  by  thle  level  could  also  bs  obtained 
from  a summation  of  the  one-third  octave  band  levels  of  Laval  III. 
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Level  III  should  be  used  to  predict  the  time  and  distance  dependent 
one-third  octave  band  noise  spectrum  from  an  analysis  of  the  aircraft 
component  noise  sources  and  an  analysis  of  the  aircraft  fllghtpath.  This 
prediction  could  also  be  obtained  from  an  integration  of  the  spectrum  of 
Level  IV  as  a function  of  frequency.  Level  III  is  conceived  to  be  baaed 
primarily  on  empirical  formulas  for  the  noise  of  different  aircraft  source 
components  and  would  be  suitable  for  making  detailed  systems  studies  of 
alrcraft/englne  configurations. 

At  the  highest  level,  (IV),  analytical  modeling  techniques  are 
utilized  to  compute  a continuous  noise  spectrum  as  a function  of  distance, 
time,  and  frequency  from  inputs  of  engine  performance  and  aircraft  operating 
parameters.  Level  IV  should  be  the  repository  for  the  most  advanced  acousti- 
cal technology  and  ahould  be  used  in  an  experimental  sense  for  technology 
validation  and  Improvement  or  for  detailed  designs  of  advanced  low-noise 
components  for  aircraft. 

Levels  III  and  IV,  since  they  represent  higher  levels  of  sophistication, 
are  Intended  to  be  used  by  engineering  end  research  specialists  in  aircraft 
noise.  Level  II  is  Intended  to  serve  aeronautical  engineers  in  making  systems 
studies  involving  genersl  slrcrsft  types  as  well  as  the  noise  control  engineer 
who  requires  greater  knowledge  of  the  community  aircraft  noise  exposure  than 
the  time-integrated  estimates  provide.  And,  Level  I is  Intended  to  serve 
civil  engineers  and  coamunlty  planners  who  have  minimal  knowledge  of  the 
complex  technology  of  aircraft  noise  prediction. 


Scales  and  Indices 

There  are  two  types  of  calculated  quantities  available  form  computer 
programs  which  are  used  for  the  prediction  of  aircraft  noise  - single-event 
scales  of  individual  loudness  and  annoyance  ratings  and  multiple-event  indices 
of  cotmaunlty  response  ratings. 

At  the  preseot  time,  there  are  no  universally  accepted  scales  and  indices 
for  use  as  ratings  of  aircraft  noise;  however,  there  are  a number  which  are 
in  contention  for  adoption  as  standards  by  various  Government  agencies  and 
other  organizations.  Some  of  the  leading  contenders  which  are  currently  in 
the  forefront  of  usage  or  which  have  been  recommended  ae  standards  are 
A-welghted  Sound  Pressure  Level  (L^) , D-weighted  Sound  Pressure  Level  (Lp) , 

and  Effective  Perceived  Noise  Level  (EPNL)  which  contains  Perceived  Noise 
Level  (PNL)  and  Tone  Corrected  Perceived  Noise  Level  (PNLT).  One  multiple- 
event  index  which  is  based  on  L^  is  Day-Night  Level  (L^)  which  can  also  be 

computed  using  L^  as  the  base  scale.  Noise  Exposure  Forecast  (NEF)  is  based 

on  EPNL.  These  scales  and  indices  are  shown  in  Fig.  2,  which  also  deplete 
their  interrelation  with  each  other.  The  arrows  indicate  the  computational 
flow  of  calculating  a coamunlty  response  index  from  a measured  one-third 
octave  band  time  history.  (For  example,  one-third  octave  band  spectra  are 
used  to  compute  PNL,  which  is  used  to  compute  PNLT,  which  is  used  to  compute 
EPNL,  which  la  the  base  for  computing  NEF.)  A detailed  description  of  each  of 
the  scales  and  indices  is  contained  in  [2]. 

From  the  previous  section,  the  multiple-event  indices  (NEF  and  L^)  are 

the  product  of  Level  I,  while  Level  II  will  produce  overall  type  scales  such 
as  La  and  L^.  Levels  III  and  IV  will  producs  any  of  the  single-event  scales  - 

L^,  Ljj,  EPNL,  or  the  one-third  octave  band  spectra  from  which  these  scales 

are  derived. 
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Fig.  2 Some  example!  of  direct  measures  and  calculated  quantities 

used  for  the  quantification  of  community  exposure  to  aircraft 
noise 


CURRENTLY  AVAILABLE  PROGRAMS 


Source  Noise  Program  (Amea/Boelng) 

The  Boeing  Company  developed  an  aircraft  source  noise  modeling  program 
under  contract  to  the  NASA  Ames  Research  Center  [3,  4J.  This  la  an 
empirically  based  program  vhich  operates  at  Level  III  described  In  the 
preceding  eectlon.  As  Is  Illustrated  In  Fig.  3,  the  noise  from  each  of  the 
following  appropriate  components  la  computed  separately:  primary  Jet,  primary 

and  secondary  Jet,  core  and  turbine,  compressor  and  Inlet  fan,  exit  fan, 
augmentor  wing,  blown  flapa,  lift  fan,  ejector-suppressor,  propeller,  helicopter, 
pMiureil  data  Input.  The  Individual  component  noises  are  then  stunned  to  produce 
the  total  predicted  aircraft  noise.  Corrections  are  then  added  as  indicated 
In  the  figure. 

The  Inputs  to  the  program  are  in  a NAMELIST  format  and  consist  of 
engine  performance  data  and  aircraft  flight  performance  data.  A variety 
of  outputs  are  available  and  Include  the  following: 

1.  Component  and  total  noise  directivity  patterns  In  terms  of  one-third 
octave  band  spectra  and  PNL  as  a function  of  directivity  angle  (10*  - 170*) 

2.  Peak  PNL  and  PNLT 

3.  EPNL  values  at  a given  location 

A . EPNL  contours 

5.  Plot  of  EPNL  at  a given  sideline  dlstsnce  along  flight  track 
The  program,  which  runs  at  the  Ames  Research  Center  on  an  IBM  360  with  a 
standard  IBM  random  access  capability,  has  also  been  Installed  at  the  Langley 
Research  Center  on  a CDC  6600  with  a standard  CDC  random  access  capability. 

This  program  Is  available  through  COSMIC,  112  Barrow  Hall,  University  of 
Georgia,  Athens,  Georgia  30601,  Reference:  ARC-10880. 


Community  Exposure  Programs 


There  are  aavaral  programs  currently  In  existence  for  the  purpose  of 
performing  analyses  of  cosssunlty  exposure  to  aircraft  noise.  The  most 
prominent  are  the  Noise  Exposure  Forecast  (NEF)  programs  which  Bolt,  Beranek, 
and  Newman  (BBN)  developed  for  the  U.S.  Air  Force  [5,  6,  7,  8],  and  which  Wyle 
Laboratories  developed  for  the  Department  of  Transportation. 

Thi  BBN  and  Wyle  programs  are  very  similar  in  nature  in  that  they  both 
require  the  same  type  of  inputs  and  produce  the  same  type  of  output.  A sample 
output  in  the  fora  of  NEF  contours  is  illustrated  in  Fig.  4.  Some  of  the 
computational  details  differ,  but  for  a given  input  both  progrssw  produce 
similar  results.  Both  programs  are  data  base  dependent  - with  the  BBN 
program  the  data  baae  is  user  supplied  vhlle  the  Wyle  program  has  the  data 
base  built  in.  In  both  cases,  the  data  baae  consists  of  noise  versus  distance 
data  (in  the  form  of  EFNL  - Slant  Range  curves)  for  specific  aircraft  types. 

The  inputs  required  are: 

1.  Types  of  aircraft 

2.  Numbers  of  takeoff  and  landing  oparations  for  each  aircraft  type 

on  a dally  basis 

3.  Aircraft  performance  data  - fllghtpath  and  flight  track  informa- 

tion 


4.  Airport  description  - runway  orientation  and  utilization 


The  BBN  program  is  relatively  easy  to  input  since  thare  is  only  one  data 
format  for  the  entire  program.  However,  the  Wyle  program  is  more  difficult 
since  there  are  many  different  data  formats  - each  input  parameter  requires 
a different  format. 

The  BBN  program  is  installed  at  two  locations  - Langley  Research  Center 
and  CDC  Cybernet  in  Los  Angeles  (access  controlled  by  BBN).  The  program  is 
written  in  FORTRAN  IV  for  a CDC  6600.  For  each  aircraft  flyover  the  program 
computes  NEF  values  for  a 100  x 100  grid.  For  large  airports  with  many 
flights  to  compute  this  procedure  requires  large  amounts  cf  CPU  time. 
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Fig.  4 NEF  contours ; (ample  output  of  community  exposure  programs 

The  Wyle  program  Is  operational  at  Langley  and  Wyle  Laboratories  at 
El  Segundo,  California.  The  Langley  version  has  been  converted  to  operate  on 
the  Langley  CDC  6600  while  the  Wyle  verelon  operates  on  a Unlvac  1108.  The 
Wyle  program  computea  the  noise  at  finite  points  along  the  aircraft  flight 
track  and,  thus,  requires  less  CPU  time  than  the  grid  point  computation 
technique  of  the  BBN  program. 

Two  outputs  are  available  from  each  of  the  above  programs:  an  NEF 

contour  plot  and  a noise  grid  (NEF)  printout. 


Data  Base  Programs 

The  Federal  Aviation  Agsncy  (FAA)  contracted  with  each  of  the  three  major 
commercial  airplane  manufacturers  In  the  United  States  (Boeing,  McDonnell 
Douglas,  and  Lockheed)  to  produce  computer  programs  documenting  the  noise  and 
performance  characteristics  of  the  airplanes  of  their  own  manufacture.  These 
programs  are  described  In  (9,  10,  11).  Thus,  the  complete  commercial  airplane 
data  base  Is  comprised  of  three  separate  programs.  The  three  programs  are 
similar  In  nature  and  each  produces  the  same  type  of  output  with  the  same 
general  Inputs. 


EPHI7dB(A) 


DISTANCE 


Fig.  5 Noise  versus  distance  functions;  sample  output  of  FAA  sponsored 
deta  base  programs 
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The  inputs  to  the  programs  consist  of  such  information  as  aircraft  type 
and  weight  and  parameters  associated  with  the  airport  such  as  altitude, 
temperature,  and  wind  conditions.  The  programs  consist  of  two  parts:  a 

performance  routine  which  computes  an  altitude  distance  profllt  for  takeoff 
or  landing  and  a noise  routine  which  computes  noise  under  the  i^xghtpath  In 
units  of  dB(A)  or  EPNL.  A typical  output  of  the  programs  is  illustrated  In 
Fig.  5 which  plots  noise  level  (dB(A)  or  EPNL)  as  a function  of  distance  and 
and  aircraft  thrust  (Fn). 

The  aircraft  contained  in  the  data  base  programs  are  given  In  the 
following  table: 


Table  1 
Boeing 

Data  Base  Program 

McDonnell-Douglas 

Lockheed 

707 

DL-8 

L-1011 

720 

DC-9 

Aircraft 

727 

DC-10 

737 

747 

The  Boeing  program  (written  in  Fortran  IV)  is  currently  Installed  at 
two  locations,  the  Boeing  Computer  Services  on  an  IBM  360  and  at  NASA  Langley 
on  the  CDC  6600. 

The  McDonnell-Douglas  program  la  Installed  only  at  McDonnell-Douglas, 
Long  Beach,  California,  and  the  Lockheed  program  Is  Installed  only  at 
Lockheed,  Burbank,  California;  both  operate  on  IBM  360  computers. 


NASA  LANGLEY  RESEARCH  CENTER  INTERIM  PROGRAM 

The  Aircraft  Noise  Prediction  Office  (AN0P0)  at  NASA  Langley  has  developed 
an  interim  aircraft  noise  prediction  program  through  the  acquisition,  installa- 
tion, and  modification  of  several  of  the  Independently  developed  programs 
described  In  the  previous  section.  This  Interim  system  Is  depicted  schematically 
in  Pig.  6.  The  separate  parts  of  the  system  are: 

1 . The  Ames/Boeing  source  noise  modeling  program 

2 . USAF/BBN  NEF  contour  program 

3 . The  DOT/Wyle  NEF  contour  program 

4 . The  Boeing  Company  portion  of  the  FAA  data  base 

Some  modifications  have  been  made  by  AN0P0  to  these  programs  as  follows: 

1.  The  Ames/Boeing  program  was  originally  written  to  accept  measured  data 
Inputs  In  the  format  of  a directivity  pattern  at  a reference  distance  of 

1 meter.  This  program  has  been  modified  to  accept  measured  data  as  a 
directivity  pattern  at  any  specified  radial  distance,  as  sideline  measurements 
as  a function  of  angle,  or  flyover  meaaurementa  wherein  the  time  history  has 
been  translated  Into  an  angular  directivity  pattern. 

2.  The  D0D/BBN  program  has  been  overlain  to  reduce  the  core  requirement 
and  the  program  has  been  Interfaced  with  an  existing  Langley  contour  program. 
These  programs  have  been  Installed  and  are  operational  at  Langley  on  the 

CDC  6600  in  Fortran  IV.  They  comprise  a relatively  comprehensive  aircraft 
noise  prediction  Interim  system;  however,  this  system  was  intended  to  serve 
as  a research  tool.  It  la,  therefore,  not  available  for  distribution.  Since 
the  system  Is  a research  tool,  the  programs  have  not  bean  completely  interf.'.'.ed  - 
the  stick  figures  In  Fig.  6 represent  manual  Interface  requirements. 


CONCLUDING  REMARKS 

The  state  of  the  art  of  aircraft  noise  prediction  la  in  Its  Infancy,  but 
Is  currently  undergoing  extensive  development  and  Is  changing  rapidly.  A 
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number  of  special  purpose  programs  consisting  of  slrcrsft  source  noise  modeling 
programs,  comminlty  noise  exposure  modeling  programs,  and  aircraft  fleet  noise 
data  base  programs  have  been  developed  for  use  by  and  are  available  from  the 
USAF,  DOT,  and  NASA  Amea. 

These  programs,  as  modified  and  configured  for  the  Langley  Research  Center 
computer  complex,  comprise  a relatively  comprehensive  Interim  aircraft  noise 
prediction  system  for  use  as  a research  tool  and  are,  therefore,  not  available 
for  general  distribution. 
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INTRODUCTION 

This  chapter  la  concerned  with  both  the  theoretical  background  of  shell  dynamic 
response  and  the  description  and  characteristics  of  the  more  wldely-used  struc- 
tural software  packages  for  shell  dynamic  computation.  In  the  first  part  of 
the  chapter,  the  dynamic  response  problem  la  defined  In  terms  of  the  spatial 
distribution  of  the  loading  and  the  frequency  representation  of  particular 
shell  theories.  Also,  the  solution  procedures  for  transient  analysis  are  dis- 
cussed. The  second  part  of  the  chapter  deals  directly  with  structural  software 
for  the  dynamic  response  problem,  discussing  the  various  shell  theories  that 
have  been  Implemented  computationally  and  the  characteristics  and  special 
featurea  of  current  programs. 


THE  DYNAMIC  RESPONSE  PROBLEM 

An  overview  of  shell  dynamic  response  problems  reveals  different  methods  of 
analysis  for  different  time  distributions  of  loading.  In  ordar  to  simplify  the 
discussion,  these  loading  distributions  will  be  assumed  to  be  of  the  form 
p(x,t)  - P(x)f(t),  where  P(x)  describes  the  space  and  f(t)  the  time  distribu- 
tion. The  classification  of  time  distributions  lsi  1.  periodic;  2.  long 
duration,  such  that  a steady-state  response  Is  sought;  and  3.  pulse-shaped,  for 
which  a transient  response  Is  sought. 

The  simplest  response  problems  arise  for  finite  shells  when  the  time  dis- 
tribution of  the  loads  Is  periodic  and  the  steady-state  response  Is  desired. 

This  means  that  the  loads  are  assumed  to  have  been  acting  for  a long  time,  many 
reflections  have  occurred,  and  any  transient  motions  that  wars  produced  by  the 
starting  of  the  excitation  (progressing  wave  fronts)  have  died  out.  The  space 
distribution  of  the  loads  Is  arbitrary.  The  solutions  to  such  problems  are 
obtained  by  first  representing  the  periodic  time  distributions  by  Fourier  series 
and  then  obtaining  the  response  to  each  harmonic  Fourier  component  separately. 
For  finite  systems,  such  problems  are  solved  with  the  asms  methods  as  those  used 
for  static  loads.  The  only  difference  Is  that  the  Inertia  terms  with  harmonic 
time  variations  ate  added.  Because  the  mathematical  problem  Is  the  same  as  that 
In  the  static  case,  most  of  the  eutomated  computer  programs  that  are  available 
for  static  shell  anelysls  can  also  be  used  to  calculate  the  harmonic  response. 

The  response  problems  to  periodic  loads  can  bs  extended  further  to  those 
cases  when  the  loads  are  applied  on  a small  portion  of  the  shell  surface,  or  on 
one  edge,  and  when  other  edges  are  sufficiently  far  away.  Then,  before  any 
reflections  have  occurred,  the  motion  of  the  shell  resembles  continuous  wave 
motion,  with  the  nodal  lines  moving  away  from  the  location  where  the  loads  are 
again  represented  by  their  Fourier  series,  snd  the  solution  Is  obtelned  first 
for  each  harmonic,  and  then  the  harmonic  waves  are  summed.  The  Interesting 
feature  of  these  problems  Is  that  at  a given  frequency  only  definite  types  of 
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waves  can  be  propagated;  and,  depending  on  the  space  distribution  of  the  loads, 
it  is  possible  that  in  some  low-frequency  Interval  no  wave  motion  at  all  can 
be  propagated.  These  problems  are  usually  formulated  for  systems  that  can  be 
imagined  to  have  infinite  extent,  such  as  beams,  plates,  and  shells  of  revolu- 
tion. Solutions  of  these  problems  are  valid  at  times  well  after  the  initial 
wave  front  has  passed  and  the  transients  caused  by  the  starting  of  the 
excitation  have  died  out.  Examples  of  these  types  of  problems  have  been  worked 
out  for  beams,  infinite  plates,  unlimited  shallow  spherical  shells  (which  are 
represented  mathematically  by  unlimited  parabolic  shells  of  revolution),  and 
for  cylindrical  shells,  as  shown  in  the  following  two  papers. 

In  [1,  2],  D.  C.  Gazla  considers  continuous,  harmonic  waves  in  an  infinite 
cylindrical  shell  that  are  propagated  in  the  axial  direction.  The  waves  can  be 
imagined  as  being  generated  by  sources  that  are  distributed  in  one  section  of 
the  shell  (say,  z ■ 0),  and  they  Impart  some  disturbance  to  the  shell  that  is 
harmonic  in  time,  with  a frequency  u.  Such  excitation  produces  continuous, 
harmonic  waves  that  travel  along  the  infinite  shell  in  both  directions  from 
z ■ 0.  They  are  superpositions  of  spherical  waves  which  emanate  from  the 
points  within  the  section  z • 0,  where  the  sources  are  applied,  and  then  reflect 
from  the  two  cylindrical  bounding  surfaces  of  the  shell.  In  summation,  they 
establish  standing  waves,  with  fixed  nodes  in  the  radial  and  circumferential 
directions,  but  produce  wave  notions  in  the  axlel  direction. 

The  object  of  Gazla ' papers  is  to  predict  the  axial  wavelengths  and  veloc- 
ities (phase  velocities)  and  the  radial  and  circumferential  standing-wave 
patterns  that  can  be  propagated  from  given  sources  at  z • 0.  Such  information 
la  revealed  by  the  dispersion  curves  shown  in  Figs.  3 - 10  of  [2],  For  exasiple, 
referring  to  Fig.  8,  no  waves  with  a circumferential  wave  number  n ■ 2 can  be 
propagated  at  a frequency  u * wg/2.  What  happens  is  that  at  that  frequency  the 
harmonlc-ln-time  motion  has  an  axial  distribution  that  decays  exponentially 
when  going  away  from  z » 0.  (This  motion  is  sometimes  called  an  "evanescent 
wave''.)  At  u - 2wt,  three  types  of  waves  can  be  propagated.  Their  wavelengths 
can  be  read  off  Fig.  8,  and  their  radial  standing-wave  patterns  are  described 
by  the  code  numbers  1,  2,  and  3,  attached  to  the  curves,  and  are  given  by  the 
r-dependent  functions  of  the  solution.  It  must  be  emphasized  that  only  these 
waves  can  be  propagated  at  each  of  the  given  frequencies,  regardless  of  the 
radial  distribution  of  the  sources.  For  a general  radial  distribution  of  the 
sources,  the  other  expected  components  are  simply  nonpropagating  (evanescent). 

Gazls'  results  are  based  on  the  three-dimensional  theory  of  elasticity, 
and  they  Include  an  infinite  number  of  radial  standing-wave  patterns.  At  a 
given  frequency,  the  patterns  having  up  to  a number  of  cylindrical  nodal  sur- 
faces are  propagating  and  the  higher  patterns  are  not.  These  conclusions 
provide  a logical  basis  for  a mathematical  model  of  a "shell"  theory,  which 
would  be  applicable  only  for  frequencies  that  are  below  a limiting  frequency. 
This  means  that  only  standing-wave  patterns  with  a low  number  of  radial  nodes 
would  be  propagated.  Therefore,  if  the  limitation  to  low  frequencies  is 
acceptable,  it  would  make  sense  to  limit  the  theory  at  the  outset  to  those 
radial  standing-wave  patterne  that  are  propagated  and  leave  out  all  the  nonprop- 
agating patterns  with  higher  number  of  redial  nodes.  The  usual  mathematical 
models  for  shells  assume  displacement  components  with  at  most  one  node  across 
the  thickness  of  the  ehell.  Then,  for  a thin  shell,  at  most  six  modes  cen  be 
propagated.  Starting  from  such  a shell  model,  further  approximations  can  be 
made.  If  the  normal  displacement  is  restricted  to  zero  redial  nodes,  which 
eliminates  the  lowest  thickness-stretch  node,  then  at  most  five  modes  are  prop- 
agated. If  the  model  Is  simplified  further  by  assuming  that  the  transverse 
shear  strains  are  zero  (classical  shell  theory),  which  eliminates  the  lowest 
thickness-shear  modes,  then  at  most  three  nodes  can  bs  propagated.  This  infor- 
mation can  be  obtained  from  a number  of  papers  that  consider  the  same  problem 
ae  Gazla,  exespt  that  they  use  a mathematical  modal  of  shell  theory  (for 
references,  see  those  lleted  in  Gaels'  papers).  Such  rssults  as  those  in  Fig.  6 
of  Gaels'  paper  can  be  uaed  to  estimate  the  ranges  of  valid  frequencies  for  each 
of  the  ehell  models. 

Once  It  la  recognized  that  the  mathematical  models  of  beam,  plate,  and 
shell  theories  are  valid  only  within  a certain  low-frequency  Interval,  then  an 
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Important  conclusion  can  be  made  with  regard  to  the  class  of  time  distributions 
that  can  be  modeled  meaningfully  by  these  models.  The  conclualon  Is  that,  as 
far  aa  the  predictions  of  the  behavior  of  the  physical  systems  are  concerned, 
differences  in  the  responses  have  no  meaning  when  they  are  produced  by  two  time 
distributions  of  loads  that  differ  only  In  those  Fourier  components  that  have 
frequencies  outside  the  low-frequency  Interval  of  validity. 

It  should  be  remembered  that  Gazls'  results  apply  only  after  the  initial 
wave  front  has  passed  and  a steady-state  motion  is  reached.  When  reading  Gazls' 
paper.  It  is  Important  to  distinguish  between  the  constant  wave  velocity  with 
which  the  spherical  waves  emanate  from  the  source  points  into  a three- 
dimensional  medium  and  the  phase  velocity  of  the  sunned  disturbance  , consisting 
of  the  reflections  from  the  cylindrical  surfaces,  that  is  described  by  Gazls. 

As  seen  from  Fig.  11,  the  phase  velocity  can  range  from  infinity  to  zero,  while 
the  velocity  of  spherical  waves  has  a fixed  value.  Excellent  discussions  of 
the  meaning  of  phase  velocity  are  given  in  [3,  4).  In  order  to  give  a physical 
interpretation  of  phase  velocity,  [3]  draws  the  analogy  of  a continuous 
harmonic  wave  in  water,  striking  a wall  at  an  angle.  The  point  of  intersection 
of  one  crest  of  the  wave  with  the  wall  travels  along  the  wall  at  the  phase 
velocity  which  is  different  from  that  at  which  the  straight  crests  of  the  waves 
themselves  propagate.  The  water  wave  la  analogous  to  the  spherical  wave  pro- 
duced by  a source  point  and  the  wall  is  analogous  to  the  two  cylindrical 
surfaces. 

It  is  clear  from  the  analogy  that  the  phase  velocity  can  approach  infinity 
when  the  wave  approaches  normal  incidence  with  respect  to  the  wsll.  Also,  the 
energy  of  a single  harmonic  wave  is  propagated  with  the  so-called  group  veloc- 
ity (ace  [4],  p.  211)  which  la  zero  whan  the  phase  velocity  is  infinite.  So, 
an  infinite  phase  velocity  does  not  imply  any  physical  contradiction. 

When  the  time  distribution  of  the  loads  is  not  periodic,  the  Fourier 
series  repreaentatlon  must  be  replaced  by  the  Fourier  integral  (see  [4],  p.  39). 
Then  the  harmonic  solutions  can  be  regarded  as  solutions  in  the  Fourier  trans- 
form plane,  and  the  response  can  be  obtained  by  using  them  in  the  Integral  of 
the  Inverse  Fourier  transform.  In  the  evaluation  of  thia  integral,  it  must  be 
again  remembered  that  in  tha  high  frequency  range  the  predictions  of  the  math- 
ematical modal  are  unreliable. 


SOLUTION  METHODS 

The  very  process  of  inverting  the  Fourier  transform  can  be  a formidable  task 
and  not  well  suited  for  problem  for  which  the  time  distribution  of  the  loads 
is  zero  before,  ssy,  t ■ 0,  at  which  point  the  excitation  begins.  There  are 
four  alternate  methods  that  are  commonly  used  for  such  cases:  1.  modal  method, 

2.  numerical  integration  in  time,  3.  Laplace  transform  in  time,  and  4.  the 
method  of  characteristics.  It  should  be  understood  that  all  four  methods  can 
ba  said  to  apply  to  all  time-dependent  problems;  and,  theoretically,  they  all 
will  give  identical  results.  However,  in  order  to  achieve  that,  one  would 
have  to  use  an  infinite  number  of  modes  and  an  infinitesimal  time  stap,  invert 
the  Laplace  transform  exactly,  and  trace  and  sum  all  individual  reflecting 
waves.  Because  of  such  practical  limitations,  each  of  tha  methods  is  better 
suited  for  certain  classes  of  problems . In  general,  it  can  be  said  that  the 
first  two  methods  are  applicable  to  finite  systems  only.  The  Laplace  transform 
method  is  Intended  for  semi-inf lnlte  or  infinite  systems,  and  the  method  of 
characteristics  is  intended  for  the  study  of  an  individual  wave  front  as  it 
enters  a region  of  quiet. 


Modal  Method 

In  order  to  discuss  the  limitations  of  the  modal  method,  its  main  features,  when 
applied  to  a shell,  will  be  indicated  hare.  As  befors,  the  loads  will  ba 
assumed  in  the  form  p(x,t)  - P(x)f(t),  where  p(x,t)  and  P(x)  can  be  regarded  as 
vectors.  In  tha  modal  method,  P(x)  la  represented  by  tha  series 


where  idj  la  the  natural  frequency  of  free  vibration  in  the  1th  mode. 

In  the  modal  method,  each  term  in  the  load  aeries  (Eq.  (1))  gives  the 
corresponding  term  In  the  solution  series  (Eq.  (3))  as  an  exact  solution  of 
ti.c  governing  equstions.  The  only  error,  then,  cornea  from  having  an  Inexact 
space  distribution  of  the  load.  The  difficulty  of  representing  the  load  dis- 
tribution by  the  modal  series  la  the  same  as  that  In  any  other  Fourier  series. 

It  is  clear  that  sharp,  localised  load  distributions,  which  are  xero  over  a 
part  of  the  shell  surface,  will  be  modeled  particularly  inaccurately;  and  the 
zero  values  of  the  loads  will  never  be  achieved.  Therefore,  whatever  the 
actual  load  distribution,  the  modal  method  will  model  It  as  if  It  were  covering 
the  whole  shell  surface.  For  the  aame  reason,  the  solution  will  also  be  unablo 
to  predict  accurately  any  discontinuities  or  regions  of  quiet. 

It  can  be  seen  from  this  discussion  that  the  modal  method  is  best  suited 
for  space  distributions  of  the  loads  which  arc  smooth  and  cover  the  whole  of 
the  shell  surface.  When  sharp  variations  int the  space  distributions  occur,  the 
number  of  modes  required  for  the  series  will  Increase  drastically;  and.  If  a 
smaller  number  Is  used,  the  sharp  variations  will 'be  simply  modeled  Inaccurately. 

It  must  be  pointed  out  here,  however,  that  this  of  the  modal 

method  refers  to  the  solution  of  the  mathematical  model.  SM?  £n^g|^^  purpose 
of  the  mathematical  model  la  to  represent  the  behavior  of  a physics*  .ysten, 
such  Inaccuracies  must  be  viewed  within  the  scope  of  the  limitations  of  the 
model  Itself.  It  makes  no  sense  to  strive  toward  additional  accuracy  in  solu- 
tions In  which  the  model  is  unable  to  transfer  to  the  physical  system. 
Fortunately,  this  argument  removes  much  of  the  significance  of  the  Inability  of 
the  modal  method  to  represent  sharp  space  variations  of  the  loads,  because  a 
shell  model  cannot  recognize  any  statically  equivalent  redistributions  of  loads 
over  areas  that  can  be  enclosed  within  circles  with  minimum  radii  that  are 
comparable  to,  or  lest  than,  tha  thickness.  This  means  that  a sinusoidal  space 
distribution  of  a load,  with  vavelength  comparable  to  thickness,  or  smaller,  can 
be  replaced  by  a zero  load  without  affecting  meaningfully  the  prsdiction  of  the 
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behavior  of  the  shell.  Since  the  wavelengths  of  the  displacement  distributions, 
uj(x),  in  the  modal  series  become  shorter  as  i Increases,  it  is  clear  that  a 
shell  theory  can  digest  beneficially  only  a finite  number  of  terms  of  the  modal 
series  and,  consequently,  that  it  is  worth  including  only  such  load  distribu- 
tions that  can  be  made  up  of  this  finite  number  of  terms.  Addition  of  further 
terms  simply  does  not  filter  through  the  model  to  the  system. 

A good  example  of  this  argument  is  provided  by  a point  load  or  a shell. 
First  of  all,  the  shell  model  will  be  Incapable  of  predicting  the  difference 
of  the  behavior  of  the  shell  when  subjected  to  a point  load  or  a statically 
equivalent  load  that  is  distributed  over  an  area  with  the  diameter  of  the  order 
of  the  magnitude  of  the  thickness,  or  less.  When  such  a distributed  load  is 
represented  by  the  modal  aeries,  it  will  not  be  meaningful  to  differentiate 

between  a series  that  is  truncated  up  to  the  terms  which  have  wavelengths  of 

the  order  of  the  thickness,  or  a series  that  is  truncated  to  higher  order 
terms.  Clearly,  such  a truncated  series  will  no  longer  give  an  exact  "region 
of  quiet"  at  the  moment  when  the  load  is  applied;  but,  as  argued  in  the  fore- 
going, the  differences  in  the  predictions  between  short-wavelength  and  zero- 
load distributions  are  physically  meaningless. 

It  should  be  added  that  it  is  impossible  to  say  how  many  terms  in  the 
modal  series  are  relevant  for  a given  shell  theory.  It  can  only  be  Bald  that 
theoretical  predictions  for  load  distributions  that  can  be  represented  by 
terms  with  longer  wavelengths  will  agree  better  with  the  behavior  of  the  phys- 
ical system  and  that  the  classical  shell  theory  will  be  limited  to  fewer  terms 

than  the  higher  order  shell  theories  which  account  for  transverse  shear  and 
normal  strains. 

Another  comment  is  in  order  here.  From  Fig.  1 of  [5],  the  node  count 
(represented  by  n in  the  Legendre  function  and  related  to  wavelength)  for  each 
of  the  three  infinite  sequences  of  modes  (bending,  stretching,  and  shearing) 
begins  with  zero.  This  shows  that  the  modal  series  should  be  written  separately 
for  the  bending,  stretching,  and  shearing  modes  of  a shell,  because  the  limita- 
tion of  their  ability  to  represent  loads  is  applied  to  each  of  the  mode  types 
separately.  Whether  or  not  the  sequence  of  a mode  type  is  relevant  in  an 
application  will  depend  on  the  character  of  the  load,  which  is  revealed  by  the 
numerator  of  cj  in  Eq.  (2).  For  axisymmetric  deformation  of  a spherical  shell, 
the  integrand  of  the  numerator  is  given  by 


+ P*11*,  + V* 


where  p,  w and  p^,,  u$  are  the  normal  snd  meridional  (tangential)  surface  loads 
and  displacement  components,  respectively;  m^  is  a distributed  surface  couple 
and  84  is  the  rotation  of  the  normal  in  the  meridional  direction.  In  general, 
it  can  be  said  that  w determines  the  wavelengths  in  bending  modes,  u*  in 
stretching  modes,  and  64  in  shearing  modes.  It  follows,  then,  that  in  the 
presence  of  normal  surface  loads  (e.g.,  pressure)  the  bending  mode  sequence  is 
most  relevant;  for  tangential  loads,  the  stretching  modes  are  most  relevant; 
and  for  surface  couples,  the  shear  modes  are  most  relevant.  The  last  situation 
la  Very  seldom  encountered  in  applications,  which  explains  the  reason  why  the 
classical  shell  theory,  which  is  incapable  of  predicting  the  shearing  modes,  is 
sufficient  in  most  applications. 

As  far  as  the  decision  on  which  relevant  terms  are  to  be  included  in  the 
modal  series  is  concerned,  it  should  b«  viewed  at  first  as  a matter  of  the  load 
representation  in  space,  as  given  by  the  series  of  Eq.  (1).  It  is  important  to 
realize  that  the  best  load  representation  may  not  be  achieved  by  summing  blindly 
consecutive  modes  of  the  series,  starting  from  the  lowest,  because  of  certain 
propertlea  of  the  load  distribution.  For  example,  the  loads  may  have  certain 
symmetries  that  rule  out  some  modes;  and,  for  a thin  shell,  normal  surface  loads 
will  rule  out  most  of  the  stretching  modes  and  all  shearing  modes.  After  a 
selected  list  of  modes  for  the  load  distribution  has  been  arrived  at,  the 
decision  on  the  number  of  modes  from  this  list  that  Is  actually  used  must  be 
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made  on  the  decreaalng  magnitudes  of  the  terms  In  the  solution  series,  as 
given  by  Eq.  (3).  Once  the  point  has  been  reached  where  the  change  in  the 
solution  by  the  addition  of  a further  term  is  within  an  acceptable  error, 
then  the  aeries  can  be  declared  converged. 

Examination  of  the  solution  series  reveals  that  its  convergency  may 
differ  from  that  of  the  load  series  because  of  the  additional  factor  D^(t), 
which  means  that  the  time  distribution  of  the  loads  and  the  natural  frequen- 
cies of  the  system  will  play  their  parts  in  the  decision  on  the  number  of 
modes  to  be  Included.  In  order  to  see  their  role,  It  is  useful  to  consider 
the  Integral  D^(t)  for  some  time  Inputs  f(t).  Expressions  of  this  Integral 
for  various  f(t)  can  be  found  in  [6]. 

For  example,  when  f(t)  la  a single  rectangular  pulse  with  height  Q and 
width  tj  then 


D^t) 


" (1  - cosu^t) 
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for  0 < tit. 
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with  the  amplitude 
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where  is  the  natural  period  of  free  vibration. 

It  can  be  seen  that,  for  a given  t,  the  modal  series  converges  In  general 
as  (l/u>i)2  but  that  the  convergence  can  be  affected  also  by  the  duration  of  the 
pulse  tj.  Equation  (7)  shows  that  for  a pulse  that  la  much  shorter  than  the 
lowest  natural  period,  the  amplitude  of  D^(t)  may  not  have  the  largest  value 
In  the  first  tsrm  of  the  modal  expansion.  Depending  on  the  Increasing  values 
of  the  natural  frequencies,  the  amplitude  may  not  reach  a maximum  until  a 
number  of  modes  have  been  added  to  the  response.  This  Illustration  provides 
the  reason  why  for  some  time  distributions  the  convergence  can  be  slower  than 
for  others,  even  though  the  space  distributions  of  the  loads  remain  the  same. 

When  using  the  modal  method,  it  Is  Important  to  recognise  the  two  proper- 
ties of  the  loads  which  affect  the  convergence  of  the  modal  series.  The  space 
distribution  affects  the  decay  of  the  nuanrator  of  ci  In  Eq.  (2)  and  the  time 
distribution  affects  the  decay  of  Di(t).  The  fastest  convergence  will  occur 
whan  the  space  distribution  of  the  load  resembles  that  of  tha  lowest  mods,  the 
natural  frequencies  are  widely  spaced,  and  the  duration  of  pulses  Is  about  one- 
half  of  the  lowest  period.  The  slowest  convergence  will  occur  for  a point 
load,  when  the  natural  frequencies  are  closely  spaced  and  when  tha  tine  Input 
Is  that  of  an  Impulse.  As  long  as  tha  sources  of  convergence  of  the  nodal 
series  are  understood,  tha  user  of  this  method  should  be  able  to  make  sound 
decisions  with  regard  to  the  terms  that  must  be  considered. 
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Numerical  Integration 


The  numerical  Integration  method  In  time  replaces  the  time  derivatives  In  the 
Inertial  terms  by  finite  differences  and  expresses  the  governing  equations  at 
discrete  points  In  time.  The  problem  at  each  time  step  la  solvad  In  the  same 
way  as  in  the  static  case. 

The  numerical  Integration  method  shifts  the  difficulty  of  load  represen- 
tation to  the  static  solution  at  each  time  step.  Since  a static  solution  Is 
felt  Instantaneously  everywhere  In  the  shell,  the  method  Is  Incapable  of 
predicting  discontinuities  at  wave  fronts  and  zones  of  quiet.  For  this  rearon, 
It  Is  suited  best  for  load  distributions  that  are  smooth  and  cover  the  whole 
shell,  just  like  the  modal  method.  Its  main  difficulty  lies  In  selecting  the 
time  steps  that  give  an  acceptable  solution  and  knowing  when  the  solution  Is 
acceptable.  This  difficulty  corresponds  to  that  In  the  modal  method  In  decid- 
ing where  to  truncate  the  modal  series.  However,  In  the  modal  method  a 
definite  criterion  is  found  in  the  comparison  of  each  successive  term  with  the 
sum  of  the  preceding  terms,  while  the  only  accuracy  assessment  In  the  numerical 
Integration  method  Is  provided  by  the  repetition  of  the  Integration  with  a 
smaller  time  step.  The  modal  method  requires  some  judgement  on  the  part  of 
the  analyst  In  examining  the  loads  and  the  mode  shapes  and  In  deciding  what 
types  of  modes  to  Include  In  the  series.  The  bulk  of  Its  computational  work 
lies  In  the  detarmlnstlon  of  the  modal  solutions  throughout  the  system. 
Usually,  It  is  a simple  matter  to  calculate  the  coefficients  ci,  as  given  by 
Eq.  (2),  together  with  the  modal  solutions.  Ones  that  Is  done.  It  only  remains 
to  evaluate  the  Integral  for  Dj(t)  for  a given  time  Input,  as  required  by 
Eq.  (3).  Each  of  the  terms  can  be  subjected  to  close  scrutiny  and  its 
relevancy  to  the  solution  ascertained.  The  modal  method  possesses  the  exciting 
possibility  that  for  some  special  space  and  time  distributions  of  the  loads  the 
analyst  can  construct  an  acceptable  solution  with  only  a few  terms,  or  even  one 
terra,  of  the  series. 

The  numerical  Integration  method  bypasses  all  that  and  relies  ou  the  com- 
puter to  produce  answers.  While  having  acquired  more  automation  In  Its 
execution,  it  has  obscured  the  makeup  of  the  solution  from  which  Its  accuracy 
could  be  assessed.  It  has  also  given  up  the  possibility  of  producing  simpler 
solutions  to  special  problems  because  It  obtains  all  solutions  In  the  same  way, 
by  stepping  away  In  time.  Since  the  errors  at  progressive  time  steps  are 
accumulative,  the  numerical  Integration  method  Is  most  effective  In  obtaining 
a short-time  response.  Also,  the  numerical  Integration  method  can  be  readily 
extended  to  nonlinear  problems,  while  this  is  not  the  case  with  the  modal 
method. 


Application  of  the  Methods 

Reference  17]  uses  the  straightforward  modal  approach  applied  to  shells.  They 
do  not  start  with  Eq.  (1)  but  arrive  at  Its  equivalent  by  their  Eq.  (6). 
Starting  with  the  modal  expansion  of  the  load,  Eq.  (1)  brings  out  more  clearly 
the  fact  that  ench  load  term  gives  the  corresponding  solution  term  as  an  exact 
solution.  This  Is  obscured  in  the  procedure  used  In  (7). 

In  (8],  a variant  of  the  modal  method  Is  described  which  makes  use  of  a 
known  static  solution  to  an  analogous  problem  obtained  by  omitting  the  time 
variation  from  all  the  load  terms  that  are  applied  either  on  the  shell  surface 
or  on  the  edges.  (Instead  of  ?(x)f(t),  the  static  solution  is  obtained  by 
using  only  P(x).)  This  variant  Is  often  called  Williams'  method.  Wilkinson 
calls  it  the  "mode  acceleration"  method  because  In  Its  corresponding  Duhamel 
Integral  (Eq.  (A))  the  second  derivative  of  f(t)  (acceleration)  appeare.  How- 
ever, after  deriving  the  Integral,  Wilkinson  has  Integrated  it  by  parts  twice 
and  obtained  his  Eq.  (13). 

The  Idea  In  Williams'  method  Is  that  the  modal  expansion  Is  added  to  the 
static  solution.  As  shown  by  W.  Ramb'erg  (9],  for  some  problems  It  can  lead  to 
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faster  convergence  than  the  ordinary  modal  method.  J.  Sheng  [10]  claims  that 
Williams'  method  will  converge  faster  during  the  time  when  the  loads  are 
applied.  A great  advantage  of  Williams'  method  is  that  It  can  be  applied  to 
find  the  response  to  time-dependent  edge  loads  while  the  usual  modal  method 
cannot.  For  general  shells,  such  edge  loads  were  considered  by  Kalnlns  [11]. 

A disadvantage  Is  that  a static  solution  must  also  be  calculated,  which  Is 
not  needed  in  the  ordinary  modal  method. 

A very  good  presentation  of  the  numerical  Integration  method  can  be  found 
In  [12].  The  application  was  to  a cylindrical  shell  and  was  motivated  by  the 
many  new  applications  arising  in  the  U.S.  space  program  In  the  early  1960's. 

It  provided  the  groundwork  for  many  further  papers  on  thlB  topic.  An  excellent 
comparison  of  the  available  computer  programs  for  shells  of  revolution  that 
use  the  numerical  Integration  method  in  time  Is  Included  In  [13].  Unfortunately 
the  analysis  for  the  same  problem  by  the  modal  method  was  not  Included  In  this 
paper.  The  Inclusion  of  the  corresponding  modal  analysis  would  have  provided  a 
very  valuable  comparison.  Perhaps  someone  will  carry  that  out  in  the  future. 


Laplace  Transform  and  Method  of  Characteristics 

The  remaining  two  methods  for  obtaining  a dynamic  response  of  a shell,  those 
of  Laplace  transform  and  characteristics,  have  not  yet  reached  the  state  of 
automation  that  has  been  enjoyed  by  the  modal  and  numerical  Integration  methods 
for  some  time.  Nevertheless,  they  offer  powerful  techniques  for  the  extraction 
of  specific  Information  of  the  response. 


COMPUTATIONAL  CONSIDERATIONS 

The  concepts  discussed  In  the  first  two  sections  of  this  chapter  have  applica- 
tions to  both  analytical  and  numerical  solutions.  For  example,  the  user  of  an 
elastodynamlc  computer  program  can,  and  often  does,  treat  the  program  as  a 
"black-box",  assuming  that  reasonable  output  implies  a correct  solution.  A 
better  approach  Is  to  apply  the  principles  discussed  In  the  previous  sections 
to  both  the  numerical  model  (Input)  and  the  output.  Some  of  these  principles 
are  more  readily  adapted  to  the  computer  than  others.  For  Instance,  long  wave- 
length calculations  are  more  easily  obtained  from  the  majority  of  shell 
programs  than  are  calculations  where  thickness  effects  are  deemed  to  be  impor- 
tant. More  than  likely,  different  computer  programs  would  be  used  In  separate 
spatial  and  temporal  regimes  for  the  same  problem. 

It  seems  efficient  to  briefly  discuss  the  relevant  features  of  that  which 
would  normally  determine  the  choice  of  a particular  program  separate  and  prior 
to  the  computer  codes  themselves.  The  topics  to  be  discussed  which  are  Impor- 
tant to  some.  If  not  all,  dynamic  shell  problems  are:  shell  theories,  shell 

description,  methods  of  spatial  discretization,  eigenvalue  analysis,  methods 
of  time  Integration,  and  special  features  (including  geometric  nonlinearities, 
viscoelasticity  and  plasticity).  The  Inclusion  and/or  manner  of  Including  the 
above  features  tenders  an  Individual  shell  computer  code  distinctive  from  others 
A basic  understanding  of  the  approaches  available  In  the  development  of  a 
dynamic  shell  code  should  aid  the  potential  user  in  the  selection  of  the  appro- 
priate computer  program. 


Shell  Theories 

It  should  be  recognized  that  most  specialized  shell  codes  employ  theories  which 
claim  to  be  derived  from  the  Love-Klrchhof f (or  equivalent)  assumptions.  Essen- 
tially these  assumptions  are: 

1.  h/L  « 1 where  h la  the  shell  thickness  and  L Is  any  characteristic 
length  of  the  shell. 

2.  Strains  and  displacements  sre  small  everywhere  although  Koiter  [14] 
shows  that  large  deflections  may  be  permitted. 
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3.  Transverse  normal  stress  Is  small  and  hence  Is  neglected  with  respect 
to  the  other  normal  stresses. 

4.  Straight  lines  Initially  perpendicular  to  the  middle  surface  remain 
straight  and  perpendicular  to  that  surface  during  deformation  and  remain 
unstretched. 

Shell  theories  conforming  to  these  assumptions  are  commonly  called  "first- 
order"  In  that  the  state  of  the  shell  following  deformation  can  be  completely 
characterized  by  the  deformation  of  the  middle  surface.  However,  there  exist 
about  as  many  first-order  shell  theories  as  there  are  competent  researchers  In 
che  field  of  elastic  shells.  Following  the  adoption  of  the  Love-Klrchhoff 
assumptions,  each  theoretician  would  embark  on  dissimilar  courses  of  derivation, 
making  var  .,u'  approximations  and  arriving  at  different  strain-displacement  and 
stress-resultant-strain  relations.  Even  though  there  may  be  little  difference 
In  the  analysis  of  thin  shells,  If  one  were  to  compare  the  results  of  a sample 
problem  using  different  first-order  theories,  the  problem  remains  In  which  Is 
the  "best".  The  terminology  "best"  can  probably  be  defined  In  that  the  theory 
can  be  expressed  In  general  tensor  notation  and  the  theory  la  consistent  with 
the  order  of  the  Love-Klrchhoff  assumptions,  l.e.,  no  additional  approximations 
are  made  which  are  of  the  same  order  of  magnitude  as  the  original  assumptions. 
These  concepts  of  "best"  and  consistent  were  pursued  by  Kolter  [14],  Sanders 
[13],  and  Budiansky  and  Sanders  [16]  arriving  at  what  are  now  commonly  denoted 
as  the  Sanders  or  Kolter-Sandera  shell  equations.  The  features  of  this  shell 
theory  are  contained  In  Budiansky  and  Sanders  [16]  and  are  summarized  below: 

1.  General  tensor  form 

2.  State  of  defotmed  shell  la  represented  by  six  stresses  which  satisfy 
the  equilibrium  equations  and  six  strains,  three  of  which  are  the  conventional 
membrane  strains;  the  others  are  composed  of  the  geometrical  curvature-change 
tensor  and  terms  which  are  bilinear  in  components  of  the  curvature  and  membrane 
strain  tensors. 

3.  A principle  of  virtual  work  Is  exact  for  displacements  obeying  the 
Klrchhoff  hypothesis. 

4.  An  exact  static-geometric  analogy. 

5.  Stresses  and  strains  reduce  to  generally-used  measures  when  applied 
to  sysssetrlcal  bending  of  shells  of  revolution. 

6.  Stresses  and  strains  obey  uncoupled  Love  constitutive  relations. 

No  other  "first-order"  shell  theory  can  satisfy  1 through  6.  This  does 
not  Imply  that  other  "first-order"  theories  should  be  considered  Insufficient 
for  shell  analysis.  Most  analysts  are  bound  to  use  certain  theories  since 
they  are  more  comfortable  with  them.  This  may  be  due  to  educational  background 
or  the  experience  gained  by  colleagues.  Two  excellent  surveys  of  other  "first- 
order"  theories  can  be  found  In  the  text  by  Kraus  [17]  and  the  monograph  by 
Lelssa  [16]. 

The  effects  of  large  deflections  on  the  resultant  deformation  state  are 
quite  more  dependent  on  exactly  which  shell  theory  It  Is  based  upon.  Three  of 
the  most  popular  nonlinear  shell  theories  are  due  to  Relssner  [19],  Naghdl  and 
Nordgren  [20],  and  Sanders  [21],  the  latter  two  being  the  more  general.  The 
theory  due  to  Sanders  Is  an  extension  of  the  linear  theory  detailed  previously. 
Additional  Information  on  the  nonlinear  response  of  structures  can  ba  found 
elsewhere  in  this  monograph  by  Belytschko. 

Higher  order  shell  theories  In  computer  codes  have  mainly  been  included 
through  the  use  of  the  isoparametric  element  or  one  of  its  forms.  This  element 
has  been  used  by  several  researchers  to  analyze  problems  which  vary  In  scope 
from  thin  shells  through  thick  shells  to  continue  [22].  A problem  Inherent  to 
the  more  general  Isoparametric  elements  Is  that  excessive  shear-strain  energy 
can  be  retained  unless  properly  accounted  for.  Also,  If  applied  to  thin  shells, 
numerical  problems  may  arise  from  Ill-conditioned  equations.  This  Is  due  to 
high  stiffnesses  In  the  thickness  direction  as  opposed  to  the  low  stiffnesses  in 
directions  orthogonal  to  the  thickness.  This  problem  can  ba  avoided  in  thinner 
shells  by  using  the  degenerate  super-parametric  element.  Here  straight  lines 
initially  perpendicular  to  the  middle  surface  remain  straight  after  deformation 
but  are  only  approximately  normal  to  the  middle.  Also,  strain  energy  associated 
vlth  stresses  perpendicular  to  the  middle  surface  Is  neglected.  This  la 
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comparable  to  what  shell  theoreticians  call  a "second-order"  or  shear  deforma- 
tion theory.  This  element  can  be  simplified  further  to  produce  the  discretized 
Klrchhoff  element  [23].  In  this  element  the  rotations  are  forced  to  produce 
zero  transverse  shear  strains  at  the  nodal  points  and  the  remaining  transverse 
shear  strain  energy  between  the  points  le  neglected.  This  is  comparable  to 
"first-order"  theories  previously  discussed.  Another  disadvantage  of  the  Iso- 
parametric element  (other  than  the  super-parametric)  Is  the  fact  that  the 
purist  finds  It  hard  to  state  exactly  which  higher-order  theory  he  la  using. 

An  excellent  source  which  discusses  thick  shell  representation  in  computer 
codes  Is  the  chapter  by  Bathe  and  Wilson  [24], 


Shell  Description 

Shells  can  be  broadly  placed  In  one  of  two  categories:  arbitrary  shells  or 

rotationally  symmetric  shells.  The  computational  analysis  of  arbitrary  sheila 
Is  necessarily  more  complex.  It  takes  up  more  computer  core,  rune  longer 
resulting  In  fewer  codes  that  can  perform  calculations  on  this  class  of  shells. 
Most  of  the  codes  that  can  do  general  shell  problems  are  the  large  general- 
purpose  codes.  In  fact,  there  are  only  a few  special-purpose  codes  that  can 
do  the  arbitrary  shell.  One  example  Is  SLADE-D  [23]  and  that  Is  limited  to 
shells  for  which  the  reference  surface  Is  a portion  of  a surface  of  revolution. 
The  simplification  to  a shell  of  revolution  leads  to  a much  more  tractable 
analysis.  If  finite  elements  are  used,  then  the  element  vlll  be  "one- 
dimensional".  Often,  It  Is  advantageous  to  the  user  to  reformulate  a general 
shell  problem  as  one  where  he  can  use  the  results  of  a shell  of  revolution 
code. 

Another  type  of  shell  which  can  fall  Into  both  the  above  categories  Is  a 
stiffened  shell.  If  the  shell  stiffeners  are  relatively  close  together  and 
information  on  the  general  shell  response  Is  desired,  the  stiffeners  can  be 
"smeared  out".  "Smearing"  should  not  be  done  If  the  analyst  wishes  informa- 
tion on  responses  which  have  a wavelength  similar  to  or  less  than  the 
stiffener  spacing.  If  the  stiffener  Is  treated  as  a discrete  structure,  It 
Is  usually  allowed  to  rotate  and  translate  as  the  shell  does  to  which  It  Is 
attached.  If  a general-purpose  code  Is  to  be  used.  It  Is  Important  that  the 
user  verify  that  beams  and  other  structures  or  masses  can  be  attached.  If  so, 
many  practical  problems  Involving  combinations  of  shells  or  shells  with  other 
structures  may  be  amenable  to  analysis. 

Another  subset  of  shells  is  that  which  Is  referred  to  as  shallow  shells. 
Shallow  shells  are  defined  by  the  shallowness  parameter  (maximum  height  of 
the  middle  surface  above  base  plane/base  plane  diameter)  being  less  than 
approximately  1/S  to  1/10.  This  simplification  from  the  full  shell  theory  can 
make  computations  more  tractable.  For  Instance,  a shallow  spherical  shell 
has  an  Identical  mathematical  behavior  to  that  of  a circular  piste  on  an  elas- 
tic foundation. 


Methods  of  Spatial  Discretization 

The  three  principal  methods  of  discretizing  shells  In  general-purpose  codes  or 
special-purpose  shell  codes  ars:  finite  differences,  forward  Integration,  and 

finite  elements.  The  finite  element  method  was  the  latest  of  the  three  to 
mature,  but  the  great  majority  of  the  present  codes  which  treat  shells  use  this 
method. 

The  finite  difference  method  can  ba  further  subdivided  Into  what  might  be 
called  the  conventional  finite  difference  method  and  the  finite  difference 
energy  method.  In  the  conventional  method,  the  differential  equations  of  motion 
are  converted  to  algebraic  equations  through  finite  difference  dlecretlzstlon  of 
the  differential  operators  [23].  Principal  difficulties  of  this  method  Include 
difficulties  with  general  boundary  conditions  and  numerical  problems  associated 
with  the  litck  of  positive  definiteness  of  the  system.  In  the  finite  difference 
energy  method,  the  strains  In  the  expression  for  total  energy  are  represented 
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by  their  appropriate  finite  difference  formulae  [26],  The  expresalon  for 
energy  la  now  obtained  through  a numerical  integr  tlon  over  the  shell.  This 
la  then  minimized  with  respect  to  the  displacement  components.  The  algebraic 
forms  for  the  energy  are  eaally  programmable,  the  difference  expresslone  are 
of  a lower  degree  than  the  conventional  method,  end  boundary  conditions  are 
easier  to  satisfy.  However,  even  with  the  development  of  the  energy  method, 
present  finite  difference  codes  cannot  solve  the  more  general  structural  prob- 
lems handled  by  the  finite  element  methods. 

In  the  forward  integration  method,  the  shell  Is  first  divided  Into  segments 
In  the  meridional  direction  after  removing  the  circumferential  coordinate  by  a 
Fourier  decomposition.  The  equations  are  Integrated  over  each  segment  starting 
from  one  of  the  boundaries.  The  solution  procedure  Is  similar  to  that  of  a two 
point  boundary  value  problem.  There  are  only  a few  special-purpose  shell  codes 
which  employ  this  method,  but  they  are  widely  used. 

Use  of  the  finite  element  method  Is  Initiated  by  subdividing  the  shell 
structure  Into  a finite  number  of  subregions  or  elements.  The  displacements 
within  the  element  are  then  expressed  In  terms  of  the  generalized  coordinates 
of  the  element  by  polynomial  functions.  If  interpolation  functions  are  used, 
the  method  works  with  nodal  displacements  and  not  generalized  displacements. 
Using  one  of  these  formulations,  the  element's  strains  and  stresses  are  now 
written.  The  element  stiffness  matrix  and  load  vector  can  now  be  derived  by 
the  direct  or  variational  method.  If  one-dlmenslonal  elements  are  used,  the 
approach  Is  probably  equivalent,  but  for  general  structures,  the  variational 
formulation  is  superior.  In  the  varistional  approach,  the  potential  energy  is 
formed  and  then  minimized  to  yield  the  element  characteristics.  The  procedure 
Is  now  straightforward  to  determine  element  displacements  now  that  the  stiff- 
ness SMtrix  and  load  vector  are  known.  Excellent  references  on  the  finite 
element  method  can  be  found  In  the  boi  .•>  by  Zlenklewlcz  [22]  and  Desal  and 
Abel  [27]. 


Eigenvalue  Analysis 

The  eigenvalues  or  natural  frequencies  are  Important  to  the  shell  analyst  for 
subsequent  use  In  a transient  response  calculation  by  mode  superposition. 

They  are  also  Important  so  that  ths  shell  Is  designed  In  a sunner  such  that 
Its  natural  frequencies  are  removed  from  possible  excitation  frequencies. 

A difficult  situation  for  eigenvalue  extraction  codas  when  applied  to 
shells  Is  that  eigenvalues  associated  with  predominantly  membrane  and  bending 
behavior  are  far  removed  from  ssch  other  and  often  cluster  within  small  Inter- 
vals. If  all  of  these  eigenvalues  are  Important,  the  elgenvalua  routine  must 
be  able  to  separate  and  extract  most  of  the  eigenvalues.  Also,  In  node  super- 
position transient  shell  response  problems,  many  frequencies  may  be  excited 
and  hence  must  he  obtained. 

Elgenvalua  extraction  routines  may  ba  broadly  categorized  to  be  one  of 
two  types:  those  which  calculate  all  the  system  eigenvalues  and  those  which 

only  determine  a small  percentage.  The  direct  methods  such  as  those  of 
Houeeholder  or  Jacobi  will  obtain  all  of  the  eigenvalues  with  a lower  portion 
of  them  being  accurate.  One  disadvantage  Is  that  only  relatively  low  degree 
of  freedom  shell  systems  can  be  analyzed  (300-400  degrees  of  freedom  on  most 
computers)  because  the  matrix  Is  full  and  is  stored  In  core.  Computation 
times  may  be  restrictive  s5r.ee  they  grow  with  ths  cube  of  the  matrix  order 
being  analyzed. 

If  the  analyst  la  Interested  In  only  a relatively  small  portion  of  ths 
shell  eigenvalues.  Inverse  power  Iteration  Is  the  most  widely  ueed  technique. 
Eigenvalues  of  systems  at  least  an  order  of  magnitude  greater  in  size  can  be 
analyzed.  The  method  takes  advantage  of  the  sparseness  of  the  stiffness.  A 
trial  eigenvector  Is  assumed  and  the  system  of  resultant  lnhomogenaoue  equa- 
tions la  Iterated  upon  until  there  la  satisfactory  convergence.  If  higher 
eigenvalues  are  desired,  a new  trial  eigenvector  Is  assumed  orthogonal  to  all 
previously  calculated  eigenvectors.  A spectral  shift  Is  performed  and  a new 
eigenvalue  is  obtained  nearest  the  shift.  Disadvantages  Include  ths  low 
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number  of  eigenvalues  easily  obtained,  the  possibilities  f missing  eigen- 
values, and  problems  with  clustered  eigenvalues.  A similar  technique  knovn  ss 
subspace  iteration  usis  a set  of  orthogonal  trial  eigenvectors  Instead  of  one 
eigenvector  In  the  procedure  just  described.  A chapter  on  eigenvalue  extrac- 
tion by  Stricklin  and  Wilkie  la  In  this  volume. 


Method  of  Time  Integration 

Of  the  four  methods  described  In  the  first  part  of  this  chapter  which  treat  the 
time  variable,  only  the  first  two  are  widely  employed  in  shell  codes.  These 
are  the  mode  superposition  and  direct  (numerical)  Integration  techniques. 

Mode  superposition  techniques  are  efficient  for  relatively  simple  shells 
with  few  Diodes.  However,  if  both  bending  and  membrane  responses  are  important, 
many  awdes  are  needed,  as  pointed  out  previously.  The  modes  which  significantly 
add  to  the  response  are  not  always  those  associated  with  the  lowest  eigenvalues 
In  ascending  order.  For  instance,  the  lowest  bending  and  membrane  modes  are 
the  most  salient  modes  In  the  response.  However,  some  of  the  eigenvalues  asso- 
ciated with  higher  bending  modes  are  less  than  the  first  membrsne  eigenvalue. 

A good  analyst  computing  the  transient  response  should  recognize  this  and 
eliminate  those  modes  from  the  calculation. 

There  are  two  types  of  schemes  used  In  the  direct  integration  approach  In 
dynamic  shell  codes.  These  are  the  Implicit  and  explicit  integration  procedures. 
Usually  one  of  these  methods  should  be  used  If  the  analyst  contemplates  tha-  a 
large  number  of  modes  will  be  excited.  The  solution  of  the  eigenvalue  problem 
Is  not  needed  In  the  use  of  this  method. 

In  the  Implicit  method,  the  solution  everywhere  In  the  shell  proceeds  for- 
ward In  time  simultaneously.  At  each  time  Increment,  a set  of  algebraic 
equations  must  be  solved.  In  the  case  of  nonlinear  transient  problems,  these 
are  necessarily  nonlinear.  The  Implicit  approach  can  be  either  conditionally 
or  unconditionally  stable.  The  latter  schemes  Include  the  Newmark  B (6  i 1/4), 
Houbolt,  and  Wilson  8 methods.  The  only  sources  of  error  in  these  schemes  are 
truncation  and  round-off  errors.  These  errors  are  Inherent  In  all  direct 
Integration  methods. 

The  important  feature  of  the  explicit  methods  is  that  the  solutions  advance 
In  time  at  each  nodal  point  Independent  of  the  other  nodal  points.  Systems  of 
equations  are  not  solved  at  each  time  step.  If  nonllnearltles  are  present,  this 
Is  an  advantage  over  the  Implicit  schemes  since  solutions  of  nonlinear  equations 
are  expensive  and  time  consuming  to  solve.  The  principal  disadvantage  of  the 
explicit  approach  is  that  all  the  operators  are  conditionally  stable.  The  time 
step  must  always  be  less  than  a certain  limit  which  Is  Inversely  proportional  to 
the  highest  frequency  present.  In  linear  problems,  this  can  be  quite  time  con- 
suming when  compared  to  the  unconditionally  stable  Implicit  methods  which  can 
use  larger  time  steps. 

The  convergence  of  the  implicit  and  explicit  methods  Is  Influenced  by  the 
form  of  the  use  matrix.  Krleg  and  Key  [28]  show  that  for  best  convergence  the 
mass  matrix  should  be  diagonal  for  explicit  schemes  and  consistent  for  the 
Implicit  methods. 


I 


Special  Features 

The  discussion  to  this  point  has  emphasized  the  computer  analysis  of  Isotropic, 
homogeneous,  linear  elastic  shell  structures  with  small  deflections.  Nonllnear- 
ltles due  to  large  deflections  have  been  briefly  discussed  in  the  sections  on 
shell  theories  and  tlaw  integration. 

Codes  that  treat  composite  (layered,  filamentary,  or  sandwich)  shall  struc- 
tures may  include  more  complex  shell  theories  that  Include  shear  deformation. 
This  mandates  higher-order  finite  elements  which  will  Increase  computer  time. 

The  Inclusions  of  plasticity  snd  viscoelasticity  Into  shell  codes  should 
bs  handled  with  great  csre.  This  Is  due  to  the  fact  that  these  features  are 
extremely  material  dependent.  The  Ideal  code  should  provide  a wide  variety  of 
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the  plasticity  or  viscoelasticity  models  that  engineering  materials  can  follov. 
Otherwise,  the  code  might  be  unduly  restrictive. 


COMPUTER  CODES 

The  purpose  of  this  section  is  to  enumerate  and  briefly  describe  the  dynamic 
shell  codes  which  are  widely  employed  or  show  potential  for  extensive  usage. 

If  shell  code  developunt  continues  at  the  same  pace  in  the  future  as  It  has 
in  the  past  five  yesrs,  some  of  the  codes  listed  may  be  obsolete  or  may  not  be 
maintained.  However,  the  information  contained  here  will  be  useful  In  select- 
ing the  appropriate  new  or  Improved  computer  code. 

Selection  of  a code  is  heavily  a function  of  the  user's  particular  situa- 
tion. There  is  an  advantage  to  the  uier  in  choosing  a general-purpose  code, 
such  as  NASTRAN.  In  these  types  of  codes  there  Is  usually  more  than  one  shell 
element  in  addition  to  other  types  of  elements,  e.g.,  continuum  and  beam.  The 
acquisition  of  such  a code  could  be  quite  cost  effective  if  the  user's  facility 
has  a continued  use  for  the  variety  or  problems  that  can  be  solved.  However, 
these  programs  often  require  much  time  to  learn  how  to  use  and  may  need  a person 
devoting  most  of  hit  time  to  ulntaln. 

For  the  Individual  in  a small  facility,  the  answer  Is  probably  In  the  use 
of  one  of  the  sure  specialized  shell  codes,  such  as  SATANS  or  the  SOR  family. 


ANSYS 

ANSYS  Is  a general-purpose  finite  element  code  with  an  extensive  element  library 
(about  70).  The  structural  element  library  Includes  pipe,  solid,  beam,  flat 
plate,  and  axisymmetrlc  shell  elements.  Triangular  or  quadrilateral  elements 
may  be  used  as  general  shell  elements.  There  are  also  axlsyaaetrlc  shell  ele- 
ments. The  shell  elesKnts  use  a thin  shell  theory.  Eigenvalues  are  extracted 
via  the  Jacobi  method.  Large  displacement  and  large  rotation  capabilities  exist 
within  the  code.  A number  of  the  elements  Include  geometric  stiffening  as  an 
option.  Transient  response  calculations  are  accomplished  through  an  Implicit 
method.  Stiffeners  can  be  Included  In  a discrete  or  smeared  sense.  Branched 
shells  can  be  treated.  There  Is  a plasticity  capability.  Material  behavior  Is 
characterized  In  one  of  several  ways.  These  are:  virgin  stress-strain  curve, 

kinematic  hardening,  Isotropic  hardening,  and  10***  cycle  empirical  hardening. 
Viscoelastic  equations  are  of  the  power  type  for  creep  strains  in  metals.  Both 
primary  and  secondary  creep  equations  are  available.  Shells  can  be  layered  and 
the  material  orthotropic. 

Address  of  Availability:  Swanson  Analysis  Systems 

870  Pine  View  Drive 
Elizabeth,  Pennsylvania  15037 


ASTRA 


gt 


ASTRA  Is  a general-purpose  finite  element  code.  Elements  include  a beam,  spar, 
rod,  and  flat-plate  element.  Membrane  and  bending  are  combined  In  this  flat- 


plete  element  forming  a general  quadrilateral  element.  Axisymmetrlc  solid, 
conical  shell,  and  cylindrical  shall  elements  are  also  Included.  The  eigenvalue 
extraction  scheme  uses  a Householder  decomposition  schema.  There  Is  no  capabil- 
ity for  time  Integration.  It  can  treat  general  shells  with  discrete  stiffeners 
and  branches.  The  shells  can  ba  of  an  ortbotroplc  material. 

Addresa  of  Availability:  Boeing  Computer  Services,  Inc. 

P.  0.  Box  24346 
Seattle,  Washington  98124 


I 
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B0S0R  4 

B0S0R  4 1*  baicd  on  chc  finite  difference  energy  aethod.  For  dynaalc  problems 
It  can  only  treat  an  eigenvalue  analyala  of  axlayametrlc  sheila.  The  eigen- 
value aethod  of  extraction  uaad  la  invaraa  power  Iteration  with  apectral  ahlfta 
and  deflation.  The  ahell  theory  uaed  la  that  attributable  to  Sanders.  It  :an 
aolve  probleaa  with  preatreaa  Including  large  deforaatlon.  Stlffenera  can  ba 
treated  either  aa  diacreta  or  aaearad.  Since  thia  coda  la  reatricted  to  ahella 
of  revolution,  aeridlonal  atiffenera  auat  be  aaeared.  The  code  will  treat 
layared  and  orthotropic  ahella.  It  will  also  analyze  branched  sheila. 

Address  of  Availability:  Dr.  David  Buahnall 

Lockheed  Mlsallea  and  Space  Coapany 

3251  Hanover  Street 

Palo  Alto,  California  94304 


ICES  STRUDL 

ICES  STRUDL  is  a general-purpose  finite  eleaent  code  whose  eleaent  library 
Includes  many  plane  atreas-plane  atraln,  plate  bending,  shallow  ahell,  and  solid  f 
eleaents.  It  also  has  a bending-aeabrane  flat-plats  eleaent.  Eigenvalue  extrac- 
tion can  be  performed  by  Householder  trldlagonallzatlon  or  inverse  Iteration. 

Time  Integration  la  accomplished  via  the  Nevmark  6 Implicit  method.  The  code 
can  analyze  a general  shell  geometry  with  discrete  atiffenera  and  branches. 

There  la  no  plastic  or  vlscoalaatlc  capability.  No  geoaetric  nonlinearities 
are  allowed  in  the  dynaalc  version.  The  shall  aatarlal  nay  be  orthotropic.  A 
layared  ahell  la  analyzed  by  laying  eleaents  on  top  of  one  another. 

Address  of  Availability:  ICES  Usera  Croup 

P.  0.  Box  8243 

Cranaton,  Rhode  Island  02920 


KSHEL 

% 

V. 

KSHEL  la  a forward  Integration  coda  which  can  treat  branched  shells  of  revolution. 
The  ahell  theory  employed  la  that  of  Love-Relsaner . Elgenvaluea  can  be  extracted 
by  either  Inverea  Iteration  with  shifts  or  determinant  plotting.  Transient 
response  la  performed  with  the  mode  auperpoaltlon  method.  Ring  atiffenera  are 
simulated  by  ahort  cylindrical  ahella.  The  shell  aay  be  layered  and  orthotropic. 
At  present  there  is  no  plastic  or  viscoelastic  capability. 

Addreaa  of  Availability:  Dr.  Arturs  Kalnlna 

Lehigh  University 

Departaant  of  Mechanical  Engineering  and  Mechanics 
Bethlahea,  Pennsylvania  18015 


MARC 

MARC  la  a general-purpose  finite  element  coda  which  contains  a wide  variety  of 
ID,  2D,  and  3D  solid  elements.  These  Include  several  beam  elements  and  axlaym- 
aetrlc  and  doubly-curved  shall  elements.  The  shall  elements  use  the  Kolter- 
Sanders  shell  theory.  Eigenvalues  are  axtracted  using  Inverse  power  Iteration. 
There  are  several  typaa  of  time  Integration  Included.  Thera  are  both  mods 
auperpoaltlon  and  direct  Integration  capabilities.  The  direct  methods  are 
Implicit  Nevmark  8 and  Houbolt  techniques  and  the  central  difference  explicit 
technique.  Recently  Included  la  an  "exact"  explicit  operator  attributable  to 
R.  Melosh.  Geometric  nonllnaarltlas  ara  Included  in  the  sense  of  ths  full 
Kolter-Sandsra  theory.  Thera  ara  savaral  ways  of  Including  plasticity  (per- 
fectly plastic,  leotroplc  hardening,  kinematic  hardening).  Thera  is  a 
vlscoalaatlc  capability  through  the  uaa  of  nonlinear  Kelvin  and  Maxwell  models. 
These  can  ba  uaad  In  series.  The  coda  has  general  shall  and  shall  of  revolution 
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elements  and  can  treat  stiffened  and  branched  shells.  It  hae  an  orthotropic 
capability  and  a thick  ahell  element. 

Address  of  Availability:  MARC  Analysis  Corporation 

105  Medway  Street 
Providence,  Rhode  Island  02906 


MtNIELAS 

MTNIELAS  la  a general  purpose  finite  element  code  which  can  treat  general  shells 
through  a variety  of  bean  and  surface  (flat-plate,  shell)  elements.  There  Is 
no  solid  element  at  the  present  time.  Its  dynanlc  ahell  capability  extends  only 
as  far  as  eigenvalue  extraction  and  randon  excitation.  Eigenvalues  are  extracted 
using  Inverse  iterations  with  shifts.  Only  small  deformations  are  allowed. 
Address  of  Availability:  Dr.  S.  Utku 

Duke  University 
School  of  Engineering 
Durham,  North  Carolina  27706 


MAS TRAN  (MSC) 

NASTRAN  la  a general-purpose  finite  element  code.  The  element  library  Includes 
beam,  plate,  and  ahell  elements.  Most  shell  analysis  la  performed  with  the 
flat-plate  element.  It  also  haa  an  elament  that  accounts  for  transverse  shear 
deformation.  Eigenvalue  analysis  la  accomplished  by  one  of  three  methods: 
Inverse  Iteration,  Given's  method,  determinant  search.  Time  Integration  Is  per- 
formed via  the  Newmark  $ Implicit  Integration  scheme.  In  general,  there  la  no 
plasticity  or  viscoelasticity  capability.  Large  deflections  can  be  handled  as 
long  as  you  can  use  geometric  stiffness.  General  shells  with  branches  and 
discrete  stiffeners  can  be  handled.  The  material  can  be  orthotropic  and  the 
shell  of  layered  construction. 

Address  of  Availability:  The  MacNeal-Schwendler  Corporation 

7442  N.  Figueroa  Street 
Los  Angeles,  California  90041 


NONSAP 

NONSAP  Is  a general-purpose  finite  element  which  uses  one,  two,  and  three- 
dimensional  isoparametric  elements.  Thess  are  variable  number  node  elements. 
Eigenvalue  extraction  Is  performed  via  determinant  search.  Transient  response 
Is  obtained  through  the  Implicit  Newmark  6 or  Wilson  6 techniques.  There  exist 
a large  displacement  and  rotation  capability  In  the  one  and  two-dimensional 
elements.  The  code  will  handle  general  shell  geometry  with  stiffeners  and 
branches.  Plasticity  can  be  Included  In  the  two-dimensional  element.  This  can 
be  von  Mlses  Isotropic  hardening  or  elastlc-perfectly  plastic.  Thera  la  no 
viscoelastic  capability.  An  extension  of  this  code,  ADINA,  Is  being  developed 
by  Klaus  Bathe  at  MIT. 

Address  of  Availability:  Dr.  Edward  L.  Wilson 

Department  of  Civil  Engineering 
University  of  California 
Berkeley,  California  94720 


REPSIL 

REPSIL  Is  a general-shell  code  which  uses  the  conventional  finite  difference 
method.  The  code  uses  a thin  ahell  theory.  There  Is  no  eigenvalue  analysis 
capability.  Time  Integration  In  transient  response  problems  is  handled  by  an 
explicit  central  difference  scheme.  Plasticity  can  be  handled  In  the  following 
ways.  The  material  can  be  elaatlc-perfectly  plastic  or  elastic  with  strain 
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hardening.  The  actual  atreaa-atraln  curve  can  be  Input  In  atralght  line  segments. 
A mechanical  aublayer  model  la  uaed.  A power  law  strain-rate  material  constltu- 
tive  model  capability  exlats.  The  code  treata  orthotropic  sheila;  however.  It 
may  have  problems  when  plasticity  la  Included  with  such  sheila.  There  la  no 
viscoelastic  capability  and  it  cannot  treat  layered  sheila  or  sheila  with  stiff- 
eners or  branches.  An  energy  check  la  made  during  the  calculations  which  can 
be  uaed  to  verify  the  calculations. 

Addreas  of  Availability:  N.  J.  Hufflngton,  Jr. 

U.S.  Army  BRL 

Aberdeen  Proving  Ground,  Maryland  21005 


SATANS 

SATANS  employs  conventional  finite  differences  after  a Fourier  decomposition  In 
the  circumferential  direction.  Eigenvalue  analysis  Is  not  included  In  the  ver- 
sion that  la  presently  disaemlnated;  however,  there  la  on-golng  work  In  this 
area.  The  shell  theory  employed  la  that  due  .to  Sanders  with  small  strains  and 
moderate  rotations.  The  shells  must  be  axlsyxmetrlc . Time  Integration  la 
handled  by  the  Implicit  Houbolt  method.  It  can  handle  layered  shells,  though 
each  layer  must  be  isotropic.  No  orthotropic  materials  can  be  handled.  The 
shell  may  not  have  stiffeners  or  branches  and  there  Is  no  plasticity  or  visco- 
elasticity capability. 

Address  of  Availability:  R.  E.  Ball 

Code  57Bp 

Naval  Postgraduate  School 
Monterey,  California  93940 


SHORE 

SHORE  Is  a conventional  finite  difference  code  in  which  the  equilibrium  equa- 
tions are  written  in  terms  of  the  stress  resultants.  Tima  Integration  Is 
handled  by  explicit  central  differences.  There  Is  no  eigenvalue  extraction 
capability.  Large  deflections  snd  moderate  rotations  are  allowed.  The  middle 
surface  of  the  shell  saist  be  axlsyimetrlc,  though  thickness  and  material  prop- 
erties can  change  arbitrarily.  The  material  can  have  the  option  of  being 
elaatlc-perfectly  plastic  or  elastic  with  linear  strain  hardening.  Springs  can 
be  attached  at  any  point  In  the  three  coordinate  directions.  Also,  masses  can 
be  attached  to  these  nodal  points.  There  Is  a layered  and  orthotropic  shell 
capability.  Ths  code  contains  no  viscoelastic  nor  branched  shell  capability. 
Address  of  Availability:  Philip  Underwood 

Lockheed  Missiles  and  Space  Company 

3251  Hanovar  Street 

Palo  Alto,  California  94304 


SLADE  D 

| 

SLADE  D Is  a finite  element  code  which  treats  shells  whose  reference  surface  Is 
a portion  of  an  axi symmetric  surface.  The  surface  can  Include  cutouts  and  It 
could  be  Incomplete.  There  Is  no  eigenvalue  extraction  capability.  The  shell 
theory  la  a Klrchhoff-type  thin  shall  theory.  Ths  time  Integration  la  performed 
by  an  explicit  central  differsnes  schema.  However,  unlike  many  other  codas,  the 
tlM  step  Is  computed  Internally.  The  shell  may  contain  stiffeners  and  branches 
such  that  the  rafarencs  surface  remains  a portion  of  an  axlsymswtrlc  surface. 

No  geometric  nonllnsarltles,  plasticity,  or  viscoelasticity  are  sllowed.  It  can 
handle  orthotropic  shells.  Layered  shells  are  treated  through  an  equivalent 
modulus  method. 

Address  of  Availability:  Dr.  Samusl  W.  Kay 

Sandla  Laboratories 
Division  1541 

Albuquerque,  New  Mexico  87115 
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SOR  FAMILY 

The  SOR  family  of  codes  la  a series  of  finite  element  codes  which  treat  shells 
of  revolution.  These  currently  are  SAMMSOR  IV  which  evaluates  the  stiffness 
matrix,  SNASOR  II  which  does  static  problems,  FAMSOR  which  extracts  eigenvalues, 
and  DYNAPLAS  II  which  performs  the  transient  response.  Eigenvalues  are 
extracted  by  Inverse  Iteration  with  shifts  and  deflation.  Time  Integration  Is 
either  by  the  Implicit  Houbolt  or  explicit  central  difference  method.  The  code 
can  handle  geometric  nonllnearltlaa,  orthotropic  materials,  and  beam-type  ring 
stiffeners.  If  plasticity  is  Included,  the  material  should  ba  Isotropic. 
Material  hardening  Is  either  Isotropic  or  mechanical  sublayer.  It  can  handle 
strain-rate  effecta.  No  viscoelasticity  Is  Included  and  it  will  not  treat 
branched  shells.  DYNAPLAS  III  (soon  to  ba  released)  will  handle  layered  shells, 
thermal  loading,  and  temperature  dependent  materials . 

Address  of  Availability:  Dr.  Halter  E.  Haisler 

Department  of  Aerospace  Engineering 
Taxas  AIM  University 
College  Station,  Texas  77843 


STAGS 

STAGS  is  based  on  the  finite  difference  energy  method.  The  present  version  of 
the  code  can  do  both  an  eigenvalue  and  transient  response  analysis.  There  are 
two  eigenvalue  extraction  schemes.  The  user  can  employ  either  single  vector 
Inverse  Iteration  or  aubspaca  Iteration.  The  user  has  the  choice  of  explicit 
central  difference  or  implicit  time  Integrators.  Tha  shell  theory  used  Is 
attributable  to  FlUgga-Karlowa . This  la  almllar  to  tha  nonlinear  Sanders  theory 
except  for  some  curvature  terms.  The  code  treats  general  branched  shells  with 
stiffeners.  The  stiffeners  can  ba  either  discrete  or  smeared.  Large  deflection 
effects  can  be  Included.  Plasticity  capability  exists  using  a mechanical  sub- 
layer model.  The  code  can  treat  orthotropic  shells.  No  viscoelastic  capability 
exists  generally,  though  some  versions  floating  around  have  It. 

Address  of  Availability:  Dr.  B.  Almroth 

Lockheed  Mlaellea  and  Space  Company 

3251  Hanover  Street 

Palo  Alto,  California  94304 


STARDYNE 

STAND YNE  Is  a gensral-purpose  finite  element  code  whose  element  library  Includes 
beama,  plates,  and  shells.  Eigenvalue  analyals  Is  accomplished  by  either  single 
vector  Inverse  Iteration  or  Householder  trldlagonallsatlon  followed  by  QR  trans- 
formation. Tims  Integration  can  be  achieved  by  either  mode  superposition  or 
Implicit  (Newmark  0 or  Wilson  6)  Integration.  The  coda  can  handle  general 
shells  with  discrete  stiffeners  and  branches.  It  has  sn  orthotropic  material 
capability  and  can  analyse  layered  shells. 

Address  of  Availability:  Dr.  Richard  Roaan 

Mechanics  Research  Inc. 

9841  Airport  Boulevard 

Loa  Angeles,  California  90045 


STARS 

STARS  la  a forward  (multi-segment  forward)  Integration  coda.  It  can  extract 
eigenvalues  via  either  a determinant  search  or  a Householder-Givens  technique. 
Tima  Integration  Is  accomplished  with  an  Implicit  Houbolt  technique.  The  code 
can  treat  stiffened  and  branched  ehells.  The  shell  theory  used  Is  that  due  to 
Love-Ralssner.  Orthotropic  materials  can  be  used  In  the  shall  analysis. 
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Address  of  Availability:  V.  Svalbonas 

The  Franklin  Institute 
Philadelphia,  Pennsylvania  19103 


CONCLUSION 

It  la  expected  that  thla  chapter  will  acquaint  the  analyst  with  response  prob- 
lems of  thin  shells,  the  fsstures  of  computstlonal  dynamic  shell  analysis,  and 
the  present  widely  used  computer  codes  In  this  field. 
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Surcih  K.  Desai 

Common  wealth  Aisixiotrs  Inc. 


INTRODUCTION 

Central  purpott  programs  have  been  a topic  of  conalderable  Interest  ever  alnce 
the  power  of  the  finite  element  method  becaae  generally  recognlted,  The 
flrat  developaanti  case  in  the  field  of  linear  atatlc  analyela,  although,  aa 
Clough  haa  pointed  out,  the  initial  Impetus  to  the  nethod  case  in  the  field  of 
dynamic  reaponae  [1].  The  dynaalc  capabllltiee  of  most  general  purpoae  pro- 
gram were  developed  later. 

Coaprehenalva  revlewa  of  atructural  mechanics  aoftware  have  been  publlehad 
in  [2],  with  capabllltiee  of,  and  uaer  reaction  to,  general  purpoae  programs 
dlacuaaed  in  the  context  of  tranalant  analyela,  non-linear  contlnua,  and  plas- 
tlc  analyela.  Alao,  more  detailed  revlewa  of  a few  general  purpoae  programs 
are  in  [3] . An  excellent  overview  of  general  purpoae  programs  la  provided  in 

14). 

The  theoretical  aspects  of  structural  dynamics  have  bean  adequately  treat- 
ed In  many  textbooks  [5) , and  will  not  be  dlacuaaed  hare. 


SCOPE 


In  order  to  define  the  scope  of  this  paper,  some  broad  requirements  for  a 
general  purpose  program  are  laid  down  as  follows: 

1.  At  least  one  of  the  methods  of  analysis  is  the  displacement  method 
ualng  finite  elemnts. 

2.  The  program  should  havs  proven  capability  for  both  linear  static  and 
linear  dynamic  response,  Including  computation  of  natural  frequencies.  Desir- 
able, but  not  essential,  capabilities  include  (s)  nonlinear  static  response, 
(b)  nonlinear  dynaalc  response,  (c)  stability,  both  static  and  dynamic,  and 
(d)  thermal  loading. 

3.  A good  library  of  elements  for  both  planar  and  three-dimensional  pro- 
blem should  be  available.  It  should  Include: 

a.  One-dimensional  straight  elemnts  for  axial  stress, 

b.  One-dimensional  elements,  both  straight  and  curved,  subjected  to 
forces  and  moments  in  three  dimensions, 

c.  Plate  and  shell  elemnts  of  various  shapes,  both  for  membrane 
forces  and/or  banding, 

d.  Three-dimensional  elemnts  of  various  shapes,  and 

e.  Preferably,  axlsyametrlc  elemnts  and  axlsymaetrlc  shells,  thick 
and  thin. 

4.  The  program  should  be  of  modular  design  with  the  facility  for  easy 
modification  or  extension. 

Two  store  requirements  are  added  by  this  writer  from  the  user's  point  of 

view: 

3.  The  program  should  be  readily  available  and  should  havs  well  docu- 
mented User's  Manual  and  Theoretical  Manual. 
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6.  Competent  technicel  aeeletence  muet  be  readily  available,  either 
from  the  computer  center  offering  the  program,  or  from  the  developera,  or 
from  a uaar'e  group. 


GENERAL  CHARACTERISTICS 

Detalla  of  dynamic  capabllltlea  of  genaral  purpoae  program*  are  sussaarlsed  In 
the  next  eection.  However,  the  following  characterletlce  are  common  to  moot 
program* : 

1.  Coding  language  la  FORTRAN  IV  or  aome  other  level  of  FORTRAN.  Some 
program*  have  email  eectlona  of  code  written  In  an  aaaembler  language  becauae 
of  special  considerations. 

2.  Consistent  Inertia  matrix  is  available. 

3.  Cuyan  reduction  for  retaining  salected  "dynamic”  degrees  of  freedom 
for  eigenvalue  extraction  la  available. 

4.  A maximum  of  six  degrees  of  freedom  per  node  are  permitted:  three 

displacements  and  three  rotations  referred  to  three  orthogonal  axes. 

5.  Modal  damping  Is  viscous  damping  specified  a*  a distinct  fraction  of 
the  critical  dashing  for  each  mode.  Proportional  damping  Is  also  viscous 
damping  specified  as  s linear  combination  of  the  global  Inertia  and  stiffness 
matrices. 

6.  Selected  Input  may  be  generated  or  prepared  In  advance  for  later  use 
by  the  program. 

7.  Transient  analysis  Includes  seismic  analysis, 

8.  Good  plotting  capability  is  available. 

9.  Restart  capability  Is  available. 

10.  Interface  with  user  routines  available,  although  this  Is  generally 
not  easy. 

11.  Input  Is  formatted. 

12.  Consistent  units  swat  be  used. 

13.  Dynamic  allocation  of  working  storage. 

14.  Specification  of  selective  output. 


PROCRAM  DETAILS 


Developer:  Swanson  Analysis  Systems,  Inc. 

870  Pine  View  Drive 
Elisabeth,  Pennsylvania  15037 
Documentation:  ANSYS  User's  Manual  6 Examples  Manual 

Availability:  CDC  Cybernet 

Wastlnghousa  Telecomputer  Center,  Pittsburgh,  Pa. 

Swanson  Analysis  Systems,  Inc. 

Machlna:  CDC  6600/7600,  UNIVAC  1108,  IBM  360/370 

Analyses:  Modal,  harmonic,  spectrum,  transient  - both  modal  and  direct 

Elements:  Extensive  library  of  one-,  two-  and  thres-dlMnslonal  element*, 

superelements 

Nonlinearity:  Material  plasticity,  creep  and  swelling,  geometric  nonlinearity 

gaps 

Damping:  Proportional,  modal 

Data  Generation:  Cood  mash  generation  capability 

Notable  Items:  (a)  linear  equations  of  constraint  between  multiple  degress 

of  freedom,  (b)  Polar,  cylindrical,  and  spherical  system*  In  addition 
to  cartesian,  (c)  Only  Jacobi  Iteration  available  for  the  elgenproblem. 
Comments:  ANSYS  Is  quite  a versatile  program,  particularly  for  nonlinear 

problems.  This  writer  recently  used  the  program  In  a comparative  study 
of  nonlinear  transient  analysis  of  pipe  breaks  and  received  excellent 
support  from  ths  developers. 
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ASKA 


Developer:  ASKA  - Group 

Pfaffenvaldrlng  27 
Stuttgart-80,  W«»t  Geraeny 

Documentation : ASKA  Uaar'a  Reference  Manual  ISD-Rap.  No.  73 

DYNAN  Uaar'a  Reference  Manual  IDS-Rap.  No.  97 

Availability:  A few  private  coaputer  center*  In  U.  S. 

Machine:  CDC  6600,  UNIVAC  1106,  IBM  360/370 

Analyaea:  Modal,  Haraonlc,  Rpectrua,  Tranalent  (nodal),  Complex  eigenvalue 

Element*:  Extenalve  library 

Nonlinearity:  No 

Damping:  Proportional,  modal,  nonproportlor.al  (for  coaplex  elgenproblem  only) 

Data  Generation:  Good  *>•!'.  generation  capability 

Notable  iteaa:  (a)  A variety  of  procedure*  available  for  both  tha  real  and 

the  coaplex  elgenproblem.  (b)  Extenalve  and  affective  ua*  of  substruc- 
tures;. (c)  Up  to  32  degree*  of  freedom  par  node,  (d)  A very  large 
system  -squiring  conelderabla  axparlanc*.  (a)  Analyale  of  non- 
proportionally  damped  eyetaaa  1*  dona  entirely  In  the  corn,  a feature 
which  limit*  th*  alt*  of  problem  which  may  be  handled,  (f)  Fra*  field 
Input. 

Coaunta : DYNAN,  aa  th*  dynamic  part  of  ASKA  la  called,  wax  developed  much 

It'er  thi'n  t'.ia  atatlc  part  and  1*  not  nearly  aa  varaatll*.  Aa  far  a* 
t’.ila  writer  1*  awara,  ASKA  la  one  of  th*  faw  package*  developed  In  Europe 
which  la  being  uaad  In  the  U.  S.,  although  It  1*  not  offered  by  any  major 
computer  network  In  th*  U.  S. 


COSA 


Developer:  Dornlar  GmbH 

799  Prladrlchahafen,  Poatfach  317 
Haat  Germany 

Documentation:  COSA  Uaar'a  Manual 

Availability:  Dornlar  Computer  Canter,  Frladrichahafan,  Germany 

CDC  Computer  Center,  Frankfurt,  Germany 
Machine:  CDC  6600,  IBM  360/370 

Element* : Good  library 

Nonlinearity:  No 

Damping:  Proportional,  modal,  nonproportional,  atructural,  combination  of 

vlacoua  6 atructural 

Data  Generation:  Information  not  available 

Comment*:  DYNAME  la  th*  name  of  th*  part  of  COSA  which  perform*  dynamic 

analyala. 


MARC -CDC 

Developer:  Marc  Analyela  Reiearch  Corporation 

103  Madway  Street 
Providence,  Phode  laland  02906 
Documentation:  MARC-CDC  Ueer  Information  Manual  Vola.  1-3 

Availability:  CDC  Cybarnat 

Machine:  CDC  6600/7600 

Analyaea:  Modal,  Transient  - nodal  and  direct 

Elements:  Good  library  for  one-  and  two-dimensional  elements  only.  Only  one 

thraa-dlnenslonal  element  available 

Nonlinearity:  Material  plaatlclty,  creep  and  availing,  geometric  nonlinearity 

Damping:  Modal 

Data  Generation:  Built  In  routines  for  mssh  generation. 

Notable  Items:  (a)  Dynamic  capabilities  are  very  limited,  (b)  No  Guyen  re- 

duction. (c)  Th*  program  appears  to  be  difficult  to  use  and  rather  poor- 
ly documented. 
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CooDonta:  The  program  offer*  the  moat  advanced  technology  for  nonlinear  i a- 

tic  analyala  (2).  However,  the  dynaaic  capabllltlaa  ar*  atill  quite  Ha- 
lted. When  the  dynaaic  capabllltlaa  ar*  brought  on  a par  with  the  atatlc 
capabllltlea  the  prograa  may  bacoa*  a vary  powerful  tool  for  nonlinear 
dynamic  analyala,  eapeclally  line*  thla  would  Include  affect*  of  dynamic 
lnatabillty. 


MINIBUS 

Developer:  Coaputar  Structural  Analyala  Fund 

Department  of  Civil  Engineering 
Duka  Univeralty 
Durban,  North  Carolina  27706 
Docuaentatlon:  MINIBUS  Uaar'a  Manual 

Availability:  Duke  Univeralty 

Machine:  IBM  360/370 

Analyaea:  Modal,  tranalent  (modal) 

Elaaenta:  Halted  library 

Nonlinearity:  No 
Daaplng:  Modal 

Comments:  MINIBUS  1*  a part  of  the  general  purpoae  prograa*  called  BUS. 


NAS TRAN 

Developer:  Coaputar  Science*  Corporation,  MacNeal  Schwandlar,  Martin  Baltlaora, 

and  Bell  Aero  Syatcaa  under  contract  to  NASA 

Documentation:  The  NASTRAN  Theoretical  Manual,  NASA  SP-221 

The  NASTRAN  Uaar'a  Manual,  NASA  SP-222 
The  NASTRAN  Prograaar's  Manual,  NASA  SP-223 

Availability:  COSMIC,  CDC  Cybernet,  McAuto  Computer  Network,  Waatlnghouae  Tele- 

computer Center,  Plttaburgh,  and  othara 

Machine:  CDC  6600/7600,  UNIVAC  1108,  IBM  360/370 

Analyaae : Modal,  heraonlc,  apactrua,  tranalent  - both  nodal  and  direct,  com- 

plex eigenvalue 

Element*:  Good  library,  general  eleaant 

Non-linearity:  Halted 

Damping:  Proportional,  modal,  nonproportional 

Data  Genaratlon:  No 

Notable  Iteaa:  (a)  A very  large  veraatlle  ayatea  requiring  conalderable  ex- 

perience. (b)  Halted  choice*  for  elgenproblaaa.  (c)  Linear  aquation* 
of  conetralnt  between  multiple  degree*  of  fraadom.  (d)  Cylindrical  and 
apherlcal  ayateaa  In  addition  to  cartaalan.  (a)  Vary  axpanalve  for  aaall 
problems . 

Comment*:  NASTRAN  ha*  bean  the  aubject  of  more  dlacuaalon  than  any  other  piece 

of  aoftwar*.  It*  documentation  1*  the  moat  thorough  thla  writer  haa  coae 
across,  but  Ita  volume  la  likely  to  scar*  many  potential  ussra.  NASTRAN 
1*  available  on  moat  aajor  computer  network*.  This  make*  It  the  moat 
easily  available  package. 


NISA 


Developer:  Engineering  Mechanics  Research  Corporation 

24001  Southfield  Road 
Southfield,  Michigan  48075 
Documentation:  NISA  Uaar'a  Manual 

Availability:  Engineering  Mechanics  Research  Corporation 

McAuto  Computar  Network 
Machine:  CDC,  IBM,  UNIVAC,  Honeywell 

Analyses:  Modal,  Harmonic,  Transient  (modal) 

Elements:  Good  library,  strong  In  Isoparametric  elements,  also  thick  and 
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thin  shells 
Nonlinearity:  No 

Damping:  Modal 

Data  Generation:  Good  mesh  generation  capability 

Notable  Items:  (a)  QR  Householder  and  subspace  iteration  for  elgenproblem. 

(b)  Lumped  mass  matrix  option  also  available,  (c)  Well  developed  plot- 
ting capability,  (d)  Numerous  pre-  and  postprocessors. 


SAP  IV 

Developer:  Department  of  Civil  Engineering 

University  of  California 
Berkeley,  California  94720 
Documentation:  SAP  IV  - Bathe,  Wilson  4 Peterson 

Avallsblllty : Prof.  Edvard  L.  Wilson 

Department  of  Civil  Engineering 

University  of  California,  Berkeley,  California  94720 
Machine:  CDC  6600/7600,  UNIVAC  1108,  IBM  360/370 

Analyses:  Modal,  Spectrum,  Transient  - both  modal  and  direct 

Elements:  Good  library 

Nonlinearity : No 

Damping:  Modal,  proportional 

Data  Generation:  Nodes,  Elements 

Notable  Items:  (a)  No  Guyan  reduction,  (b)  Only  lumped  Inertia  matrix. 

(c)  Only  subspaca  Iteration  for  elgenproblem.  (d)  Only  one  value  of 
nodal  damping  la  available  for  transient  analyele. 

Consents:  The  unique  feature  of  SAP  IV  is  that  It  Is  the  only  general  purpose 

program  that  Is  simple  enough  so  that  users  have  tried  to  modify  It  for 
their  needs.  Renee  there  are  many  offshoots  of  the  original  SAP  program, 
none  of  which  are  listed  hare. 


SESAM-69 


Developer:  Det  Norake  Veritas 

P.  0.  Box  6060 
Etterstad,  Oslo,  6 
Norway 

Documentation:  SESAM-69  User's  Manual 

Availability:  Det  Norske  Veritas  and  at  some  computer  centers  In  U.  S. 

Machine:  CDC  6600,  UNIVAC  1108 

Analyses:  Modal,  harmonic,  transient  (modal) 

Elements:  Good  library,  supsrslementa 


Nonlinearity:  No 


Dumping:  Model 

Data  Generation:  Nodes,  elements 

Comments:  The  package  Is  oriented  to  extanslvs  use  of  supereltaents 


STAXDYNE 


Developer:  Mechanic  Research,  Inc. 

9841  Airport  Blvd. 

Los  Angeles,  California  90045 
Documentation:  MM/STAIDYNE  User  Information  Manuel 

Availability:  CDC  Cybernet 

Machine : CDC  6600 

Analyses:  Modal,  harmonic,  spectrum,  trsnslsnt  (modal) 

Elements:  Good  library 

Nonlinearity:  No 

Damping:  Model,  composite  modal 
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Data  Canaratlon:  Nodal  coordlnaCca,  clamant  connectivity , loading* 

Notable  Itrma:  (a)  Cylindrical  ayataa  in  addition  to  cartaalan.  (b)  Only 

luapad  Inertia  matrix,  (c)  Built-In  bandwidth  optlmlxer.  (d)  Program 
la  fairly  well  documented,  eaay  to  laarn,  and  wall  aupportad  by  MKI/CDC 
Cybernet . 

Comment*:  Although  the  program  capabllltlaa  are  limited.  It  haa  received  a 

very  high  rating  from  uaara  for  lta  reliability  and  economy.  Implementa- 
tion of  Cuyan  reduction  In  early  1975  haa  eliminated  the  rathar  awkward 
handling  of  "dynamic"  degreaa  of  freedom. 


STRUDL  II 

Developer:  Structure*  Dlvialon  A Civil  Eng.  Syatama  Laboratory 

Maaaachuaatt*  Inatituta  of  Technology 
Cambridge,  Haaaachuaette  02139 

Documentation:  ICES  - STRUDL  II  Engineering  Uaer'a  Manual,  Vola.  1-3 

Availability:  ICES  - USER’S  GROUP  INC. 

P.  0.  Box  8243 

Cranaton,  Rhode  I aland  02920 

Machine:  IBM  360/370 

Analyaea:  Modal,  epactrum,  tranalent  (modal) 

Element*:  Limited  library 

Nonlinearity:  No 

Damping:  Modal 

Data  Generation:  Limited  to  element  propertie*  and  loading*. 

Notable  Item*:  (a)  Free  field  Input,  (b)  No  plotting  capability,  (c)  Great 

flexibility  for  unit*  of  varloua  parameter*  in  Input  and  output,  all  con- 
veralona  being  handled  Internally,  (d)  Eaay  addition*,  delation*  and 
modification*  of  problem  parameter*  at  any  ataga  of  program  execution. 

(e)  Lumped  Inertia  matrix  option  alao  available,  (f)  Houaaholder  method 
and  Iteration  are  available  for  the  elgenproblem.  (g)  Coding  language 
la  ICETRAN,  which  1*  vary  almilar  to  FORTRAN  with  the  added  capability 
of  dynamic  atoraga  allocation,  (h)  Flexibility  In  the  labeling  of  node* 
and  element*.  (1)  Tablaa  for  propertie*  of  rolled  ehepea  built  Into 
the  program. 

Coementa:  STRUDL  II,  which  la  a part  of  the  ICES  ayatem  waa  developed  at 

M.I.T.  during  the  mld-alxtlea  and  waa,  until  recently,  a vary  popular 
program  In  tha  building  lnduatry.  However,  after  further  development* 
on  the  program  vera  atopped  du*  to  lack  of  aupport,  and  McDonnell  Douglaa 
developed  and  marketed  It*  proprietary  varalon,  the  uae  of  STRUDL  II 
appear*  to  be  declining. 


STRUDL  DTNAL 


Developer:  See  comment*  balow. 

Documentation:  ICES  - STRUDL  II  Engineering  Uaer'a  Manual,  vola.  1-3 

ICES  STVDL  DYHAL  Uaer'a  Manual 
Availability:  McDonnell  Douglaa  Automation  Company 

Computer  Network 
Machine:  IBM  360/370 

Analyaea:  Modal,  harmonic,  apectrua,  tranalant  (modal) 

Elemental  Good  library,  general  element 
Nonlinearity:  No 

Damping:  Modal 

Data  Generation:  Limited  to  nodal  coordinate*  and  element  propertie* 

Notable  Item*:  (a)  Free  field  Input,  (b)  Great  flexibility  for  unit*  of 

varloua  parameter*  In  Input  and  output,  all  converalona  being  handled  in- 
ternally. (c)  Eaay  addition*,  delation*  and  modification*  of  problem 
parameter*  at  any  ataga  of  program  execution,  (d)  Lumped  lnartla  matrix 
option  alao  available,  (a)  Houaaholder  method,  Jacobi  Iteration  and  QR 
method  available  for  elgenproblem.  (f)  Coding  language  1*  ICETRAN  which 
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if  very  almllar  to  FORTRAN  with  tha  addad  capability  of  dynaalc  atoragc 
allocation.  (|)  Flexibility  In  tha  labeling  of  nodea  and  aleaante. 

(h)  Tablaa  for  propartlaa  of  rollad  ahapaa  built  Into  tha  prograa. 

Coaaenta:  STRUDL  DYNAL  la  tha  propriatary  varalon  of  ICES  STRUDL  II. 

HcDonnall  Douglaa  Autonation  Coapany  and  Englnaarlng  Coaputar  Internation- 
al have  aade  axtanalva  aodlflcatlona  and  addltlone  to  the  H.I.T.  varalon 
of  STRUDL  II.  Tha  dynaalc  part  DYNAL  la  coapletaly  new.  Tha  new 
STRUDL  DYNAL  la  now  aervlced  and  aupportad  by  McAuto.  Aa  a raeult,  aany 
of  the  original  buga  have  bean  reaovad  and  tha  prograa  la  auch  aora 
atreamllnad  and  efficient. 

However,  the  prograa  atlll  haa  aoae  def lclanclea.  To  aantlon  a 
couple  of  lteaa,  STRUDL  DYNAL  haa  no  tranalent  analyela  ualng  direct 
nuaarical  Integration,  nor  doaa  It  have  the  lncoapatible  plana  atreaa 
rectangle. 


SELECTION  OF  SOFTWARE 

The  esaentlal  and  dealrable  characteriatlca  of  a general  purpoae  prograa  Hat- 
ed above  are  net  to  a great  extent  by  the  prograaa  detailed  above.  However, 
for  further  dlecuaaion,  the  field  of  prograaa  la  now  narrowed  down  to  the 
following: 

Proprietary  prograaa: 

1.  ANSYS 

2.  MARC -C DC 

3.  STAKDYNE 

4.  STRUDL  DYNAL 

Public  prograaa: 

1.  NASTRAN 

2.  SAP  IV 

Tha  overall  eultablllty  of  the  above  prograaa  for  different  daeaea  of 
probleaa  la  given  below.  The  aalectlon  rapreaenta  tha  pereonal  vlewa  of  thla 
writer. 

1.  Routine  aaall  and  aedlua  alxe  probleaa  of  linear  dynaalca  - STARDYNE, 
STRUDL  DYNAL,  SAP  IV,  ANSYS. 

2.  Very  large  probleaa  In  linear  dynaalca  - NASTRAN. 

3.  Non-linear  dynaalca  - ANSYS,  MARC-CDC. 

4.  Probleaa  with  apaclal  requirement*;  raaearch  type  probleaa  requiring 
conalderable  Interface  with  uaar  routlnea  - SAP  IV. 

3.  Special  probleaa  aay  be  aolved  on  other  apeclal  purpoae  prograaa.  For 
exaaple,  for  axleynetrlc  ahella  or  aollde,  uae  of  apeclal  prograaa  - baaed  on 
finite  element  or  other  aethode  - ahould  be  definitely  conaldered. 

Baaed  on  hla  experience,  thla  writer  faala  that  no  general  purpoae  pro- 
graa la  aultable  to  be  uaed  under  all  altuatlone.  Any  lnatltutlon,  where  a 
elgnlflcant  amount  of  dlveraa  forma  of  dynaalc  analyela  la  dona,  ahould  be 
ualng  aore  than  one  prograa  for  tha  aoet  effective  reaulta. 


FUTURE  TRENDS 

The  field  of  linear  dynaalca  la  now  wall  covered,  and  new  development*  are 
to  be  expected  In  the  field  of  nonlinear  dynaalca.  Nonlinearity  arlaea  In 
on*  or  aora  of  three  waya:  (a)  aatarlal  behavior,  (b)  large  dlaplacaaenta 

caualng  geometric  nonlinearity  and  (c)  nonlinear  boundary  condition*,  for 
exaaple,  gape.  Both  ANSYS  and  NARC-CDC  have  already  addraaaed  theaaalvaa  to 
toa*  of  theae  problaaa.  Mora  work  In  thla  direction  aay  aleo  provide  tool* 
for  dynaalc  atablllty  analyela. 
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Nonlinear  Analysis  Description  and  Numerical  Stability 

Ted  Belyttchko 

Uniwnily  of  Illinois  ol  Chicago  Circle 


INTRODUCTION 


This  chapter  la  concerned  with  two  aspects  of  the  nonlinear  transient 
problem:  the  kinetic,  kinematic,  constitutive,  and  mesh  descriptions,  and 
the  stability  of  the  numerical  integration  schemes.  The  aim  is  to  present 
the  methods  that  are  currently  used  in  solid  and  structural  mechanics  soft- 
ware, and  to  evaluate  and  compare  these  methods. 

We  are  concerned  here  with  problems  nonlinear  in  both  geometry  and 
materials,  with  the  emphasis  on  the  former.  Geometrically  nonlinear  problems 
are  those  in  which  deformation  and/or  rotation  are  sufficiently  large  so 
that  the  initial  shape  of  the  solid  must  be  distinguished  from  the  deformed 
shape.  In  small  deflection  theory,  matters  of  descriptions  are  of  no  con- 
sequence, even  when  the  material  is  nonlinear. 

We  will  divide  our  discussion  of  descriptions  into  two  parts,  the  first  con- 
cerned with  solid  continue,  the  second  with  structures.  The  choices  and 
difficulties  for  these  two  classes  of  problems  are  quite  different,  so  it  is 
quite  confusing  to  treat  them  simultaneously. 

Structures  are  here  defined  to  be  slender,  solid  members  in  which  the 
deformation  is  governed  by  the  deformation  of  the  midsurface  or  midline.  In 
transient  analysis,  the  choice  of  a continuum  or  structural  approach  depends 
both  on  the  geometry  of  the  solid  and  on  the  loading  and  response  that  is  of 
interest.  If  the  wave  propagation  through  the  thickness  of  the  structure  is 
of  importance,  a continuum  approach  is  appropriate.  Otherwise,  it  is  conven- 
ient to  make  assumptions  such  as  those  of  Klrchhoff  ur  Relssner  to  define 
the  motion  of  the  structure  relative  to  the  midplane,  and  thus  reduce  the 
number  of  degrees  of  freedom.  More  will  be  said  on  this  point  later. 

In  these  discussions,  when  a need  arises  for  examining  the  details,  we 
will  often  refer  to  the  finite  element  method.  However,  it  is  now  widely 
accepted  that  the  finite  element  method  and  many  finite  difference  methods 
(especially  those  applicable  to  arbitrary  meshes)  are  basically  very  similar 
in  that  both  can  be  viewed  as  solutions  of  the  weak  form  of  the  governing 
partial  differential  equations.  In  both  cases,  the  dependent  variables  are 
defined  in  elements  or  zones  and  difference  equations  are  obtained  for  the 
discrete  dependent  variables.  Although  there  are  substantial  differences  in 
the  mathematical  accoutrements,  in  many  cases  the  discrete  equations  for  the 
finite  element  and  finite  difference  methods  are  identical;  the  reader  is 
referred  to  Refs.  (1,  2,  3]  for  examples  and  further  details.  In  the  same 
spirit,  we  will  not  distinguish  between  nodes  and  mesh  points  or  elements  and 
zones,  but  use  these  terms  synonymously. 

The  discussion  of  numerical  stability  is  necessarily  brief,  for  this 
aspect  of  the  problem  is  not  well  understood.  The  major  aim  le  to  present  a 
synopsis  of  current  practice  and  to  point  out  some  pitfalls. 
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NOMENCLATURE 


• Body  forces 

« Linear  elastic  constants 

- Velocity  strain  (rate-of-deformation)  tensor 

- Alamansl  (Eulerlsn)  strain  tensor 

- Green  (Lagranglan)  strain  tensor 

- Deformation  gradient  tensor 

- Velocity  gradient  tensor 

- Maas  matrix 

■ Nodal  forces 

- radius  of  curvature 

■ Arc  length  or  line  segment 

• Second  Plola  Klrchhoff  (Lagranglan)  stress  tensor  (also 

called  Klrchhoff  stress  tensor  In  text) 

- Time  and  time  step 

• Dlsplscements  and  their  Cartesian  components 

- Tangent  displacement  for  beam 

- Domain  of  problem  and  element  or  tone,  respectively 

■ Transverse  (normal)  displacement  for  beam 

- Spatial  (or  Eulerlsn)  coordinates 

■ Lagranglan  coordinates 

• Kronecker  delta  or  unit  tensor 

- Increment 

- Corotatlonal  (or  rigld-convected)  strain  tensor 

• Small  strain  In  flaxural  theories 

• Curvature 

- Density 

• Shape  functions 

■ Cauchy  (Eulerlsn)  stress  tensor 

- Frame  Invariant  rate  of  Cauchy  stress  tensor 

• Vorticlty  tensor 

• Superscript  dot  denotes  time  derivative 

• Subscript  nought  denotes  original  value  of  variable 

• Lower  case  subscripts  designate  Cartesian  components 

■ Upper  case  subscripts  denote  node  numbers 


DESCRIPTION  OF  SOLID  CONTINUA 

Ue  will  first  sketch  a few  of  the  basic  equations  and  concepts  of  the 
finite  element  method  for  future  reference:  these  equations  are  not  essential 
to  the  discussion,  but  useful  for  an  understanding  of  the  fine  points.  In 
the  finite  element  method,  the  domain  of  the  problem  (see  Ref.  [4]  for  a 
definitive  treatment)  is  subdivided  into  elements  v(c'.  In  each  of  these 
elements,  the  dependent  variables  u are  approximated  by  shape  functions 
$l(s)  In  the  form 

u - ■2*>(t)«I(.)  (1) 

where  s are  the  Independent  variables,  and  era  discrete  dependent  vari- 
ables, usually  defined  at  nodes.  A relation  between  discrete  element  vari- 
ables and  the  discrete  variables  of  the  system  la  provided  ty  the  connectivity 
matrix. 

If  the  system  of  governing  partial  differential  equations  Is  written  in 
the  form 

L(u)  ■ 0 (2) 
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then  the  discrete  governing  equation*  are  provided  byatlalerkln  method 
yielding 

<*j<a),  L (Uj<e)(t)$j(a))>  * 0 (3) 

where  the  bracket*  denote  a icalar  produce,  which  in  discrete  field  problem* 
usually  correspond*  to  an  integration  over  an  element.  The  above  la  called 
the  weak  form  of  the  partial  differential  equation;  in  transient  problems 
they  represent  a set  of  ordinary  differential  equation*,  which  are  then  in- 
tegrated in  time. 

We  will  now  describe  the  choice  of  the  Independent  variables,  *,  and 
the  state  variables,  such  as  stress  and  strain,  in  the  analysis  of  solid 
continue. 


Coordinates 

In  a solid,  the  complete  deformation  history  may  Influence  the  stress, 
so  both  the  original  and  current  coordinates  of  any  particle  must  be  known 
In  some  sense.  We  denote  the  original  Cartesian  coordinates  of  a particle  by  Xj, 

(1  * 1,  2 and  3 denoting  X,Y,  and  Z,  respectively)  and  the  current  coordinate 
by  xi,  1 * 1 to  3;  reduction  to  one  or  two  dimensions  is  accomplished  by  re- 
ducing the  range  of  the  Indices.  The  components  of  the  displacement  vector 
uj  are  then  given  by 


The  coordinates  Xj  are  called  Lagranglan  coordinates.  The  coordinates  x^  are 
known  by  two  names:  Eulerlan  or  space  coordinates;  the  latter  designation 
indicates  that  they  are  fixed  In  space.  We  may  also  describe  the  space  by 
attaching  a continuously  varying  set  of  labels  to  material  particles:  these 
are  called  material  coordinates.  If  we  choose  these  labels  to  be  the 
initial  positions  of  the  particles  in  space,  then  the  material  and  Lagrang- 
lan coordinates  coincide.  This  practice  Is  customary  in  most  numerical 
applications  to  contlnua,  so  the  nomenclature  material  and  Lagranglan  co- 
ordinates are  often  Interchanged. 

The  lines  of  constant  Xj  also  form  a set  of  curvilinear  coordinates  In 
the  deformed  solid:  these  are  called  convected  coordinates.  For  an 
initially  Cartesian  system,  the  equations  in  the  convected  and  Lagranglan  co- 
ordinates are  the  same  and  need  not  be  distinguished;  the  differences  srlss 
only  when  the  initial  configuration  is  described  by  a set  of  curvilinear  co- 
ordinates. 


Meshes 

In  discretizing  a continuum  by  a finite  element  or  finite  difference 
mesh,  two  types  of  meshes  are  commonly  used.  If  we  attach  each  mesh  point 
to  a material  particle  and  move  the  mesh  point  with  the  material,  the  mesh 
is  called  Lagranglan:  the  Lagranglan  coordinates  Xj  of  any  mesh  point  In  a 

Lagranglan  mesh  do  not  change  with  time.  Alternatively,  we  can  fix  each  mesh 
point  in  space,  so  that  the  Eulerlan  coordinate  m is  invariant  In  time;  the 
resulting  mesh  is  called  Eulerlan. 

In  solid  mechanics  problems,  Lagranglan  meshes  have  been  used  almost 
exclusively.  Lagranglan  meshes  are  prsfered  for  solid  mechanics  problems  for 
two  reasons:  (1)  as  a solid  deforms,  Its  boundaries  (if  thsy  initially  co- 
incided with  an  Eulerlan  mesh),  will  no  longer  coincide  with  the  Eulerlan 
mesh  lines,  so  complex  procedures  sre  needed  at  the  boundaries  and  (2)  the 
stress-strain  behavior  and  history  of  a .solid  is  associated  with  material 
points,  so  that  it  Is  srast  convenient  to  assoclste  material  zones  in  some 
manner  with  mesh  zones. 

In  this  rsspset  thsrs  has  besn  some  confusion  In  the  literature  on  the 
notions  of  "updated"  mesh  points  (or  coordinates).  In  using  a Lagranglan 
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mesh,  whether  the  mesh  coordinates  need  to  be  updated  depends  on  the  kinema- 
tic and  kinetic  descriptions  that  are  used.  As  long  as  each  node  la 
associated  In  some  sense  with  a material  point  throughout  the  deformation, 
the  mesh  Is  Lagranglan.  For  an  Eulerlan  mesh,  the  nodal  coordinates  are  not 
updated. 

A comparison  of  Eulerlan  and  Lagranglan  meshes  Is  Illustrated  In  Fig. 

1.  Though  both  meshes  are  shown  to  be  initially  rectangular  this  Is  not 
necessary  In  either  case.  The  difficulties  of  treating  boundaries  with  Euler- 
lan meshes  can  be  seen  Immediately;  the  boundaries  fall  to  coincide  with  mesh 
lines  after  deformation.  Furthermore,  material  points  may  move  between  zones 
(or  elements),  which  makes  the  definition  of  their  history  very  difficult. 
These  problems  are  overcome  in  a Lagranglan  mesh.  The  major  difficulty  with 
Lagranglan  meshes  Is  that  very  large  deformations  result  In  so  much  mesh  dis- 
tortion that  the  solution  can  not  proceed;  this  difficulty  appears  regardless 
of  whether  or  not  the  coordinates  are  "updated". 


Kinematic  Description 

The  term  kinematic  description  here  refers  to  how  the  deformation  Is  mea- 
sured, which  determines  the  strain-displacement  equations.  We  will  here  use 
the  nomenclature  of  modern  continuum  mechanics  for  these  measures  and  the 
other  state  variables,  and  the  reader  not  familiar  with  it  should  be  warned 
that  It  Is  quite  confusing.  To  provide  some  help,  in  the  next  three  sections, 
we  will  use  upper  case  symbols  for  variables  with  a material  (Lagranglan) 
character,  and  lower  case  symbols  for  variables  with  a spatial  (Eulerlan) 
'character. 
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Fig.  1 Eulerlan  (spatial)  and  Lagranglan  (material)  mashes  before  and 
after  deformations 
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The  three  most  frequently  used  strain  measures  are:  the  Green  (Lagrang- 
lan)  strain  tensor  1 


ij 


1 3ut  9ui  3uk  3uk 

2 |1xJ  3Xt  3Xt  3X^ 


the  Alamansl  (Eulerlan)  strain  tensor 

3ui  3uk 


ij 


, J.  (~ 3ul  j|ut  3ug  3uk 

2 |^3Xj  3xt  Sx^  3x^ 


(5) 


(6) 


the  velocity  strain  (rate-of-deformatlon)  tensor 


d 

ij 


1 ( 3^ 

\ 3Xj 


+ 


(7) 


The  names  In  the  parentheses  are  alternative  names:  other  names  are  also  used. 

The  first  two,  Ejj  and  ejj,  measure  the  deformation  by  the  change  In  the 
lengths  of  line  segments.  This  can  be  seen  by  considering  their  definitions 

2E. , dX.dX.  - dx  dx  - dX,dX,  - dl2  - df?  (8) 

ijij  ii  ii  w 

2etj  dxJdx1  - dx1dx1  - dX^  - dl2  - dl20  (9) 


Here  df.  and  df0  are  the  current  and  original  lengths  of  aline  segment.  If  we 
consider  a bar  In  a uniaxial  state  of  strain,  then 


The  two  strains  can  always  be  related  as  shown  In  Table  1. 

The  velocity  strain  measures  the  rate  of  change  of  the  length  (squared) 
of  a line  segment,  as  can  be  seen  from  the  following  alternative  definition 


-ar[d‘2]-  2dijdxidxj  (in 

In  finite  element  programs,  the  Green  and  Alamansl  strains  are  used  most 
often,  while  in  finite  difference  programs,  the  velocity  strain  is  most  common. 
The  two  types  of  strains  are  strikingly  different  In  their  retention  of  the 
history,  i.e.,  the  original  shape.  Both  Jg,  and  £ contain  Information  about 
the  original  shape,  whereas  4 contains  information  only  about  the  current  rate 
of  deformation.  Some  Information  can  be  obtained  by  Integrating  4>  but  while 
In  one  dimension,  the  Integral  of  4 lot  « material  point  yields  the  logarithmic 
strain,  In  two  or  three  dimensions  the  Interpretation  of  a material  Integral 
of  4 1*  not  clear.  Therefore,  to  obtain  a complete  history  of  the  deformation, 
the  velocity  strain  would  have  to  be  transformed  to  a Green  or  Alamansl  strain 
rate  (or  £)  by  one  of  the  formulas  given  In  Table  1 ; this  rate  could  then  be 
Integrated  to  yield  a measure  of  the  total  deformation.  The  velocity  strain 


‘Because  of  the  expository  nature  of  this  discussion,  we  will  not  include 
original  references.  A lucid  textbook  account  along  with  original  references 
may  be  found  in  (5). 
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Table  1 Transformation  of  Strain  Measures 
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has  therefore  been  used  in  analysis  primarily  for  materials  in  which  the  his- 
tory of  deformation  does  not  influence  the  stress,  such  as  viscous  fluids  and 
vlscoplastlc  materials.  For  materials  where  the  stress  is  a function  of  the 
original  shape,  the  Green  and  Alamansl  strains  are  preferred.  Of  course,  in 
elastic-plastic  materials,  the  elastic  part  is  strongly  history  dependent, 
while  the  plastic  part  depends  only  on  the  current  rate  of  deformation,  so  an 
appropriate  choice  of  defoliation  measure  is  not  clear. 

Whether  or  not  the  mesh  coordinates  should  be  updated  for  the  purpose 
of  the  strain-displacement  computation  depends  on  the  choice  of  the  strain 
measure.  If  Eqs.  (6)  or  (7)  are  used,  the  shape  functions,  as  given  In 
Eq.  (1),  must  be  expressed  In  terms  of  spatial  coordinates  x,  so  the  mesh 
coordinates  must  be  updated.  If  the  Green  strain  tensor,  Eq.  (5),  Is  used, 
the  shape  functions  have  to  be  expressed  In  terms  of  the  Lagrangian  coordin- 
ates X,  and  therefore  the  shape  functions  nesd  not  be  updated  for  the  strain 
computation. 


Kinetic  Description 

The  term  klnstic  description  here  refers  to  the  equations  of  motion  and 
the  types  of  stress  description.  Two  types  of  stress  measures  are  most 
commonly  used:  the  Cauchy  stress  £ and  the  second  Piols-Kirchhof f stress 
£.  The  first  of  these,  £,  refers  to  the  forces  on  surfaces  of  the  current 
configuration,  that  Is,  its  components  are  defined  as  current  forces  divided 
by  the  current  areas.  The  second  Plols-Klrchhoff  stress  Is  defined  In  terms 
of  forces  (transformed  by  the  local  deforaatlon)  per  unit  of  undeformed  area. 
The  relationship  between  the  two  stresses  is  given  by 


p 3xj  3xj 

°lj  r,  ^ Skl 


(12) 
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The  first  Plola-Klrchhof f stress  Is  defined  directly  In  terns  of  the  forces 
per  unit  of  undeforned  area  (the  forces  are  not  transformed);  It  la  seldon 
used  because  It  Is  not  symmetric.  We  therefore  will  drop  the  prefixes,  and 
simply  call  £ the  Klrchhoff  stress.  The  stress  £ la  advantageous  when 
Green  strain,  £,  Is  used  because  of  their  complementary  character:  both  £ 
and  £ are  referred  completely  to  the  Lagranglan  coordinates  Xj,  and  the  two 
are  conjugate  In  the  sense  that  the  scalar  S^jEij  gives  the  rate  of  work 
per  unit  of  the  original  volume. 

A second  advantage  of  the  Klrchhoff  stress  £ls  that  Its  rate  Is  frame  In- 
variant, so  that  Incremental  constitutive  equations  may  be  written  directly 
In  terms  of  A£.  The  time  derivative  of  the  Cauchy  stress  is  not  frame  Invar- 
iant, so  a modified  rate  such  as  the  Jaumann  rate  must  be  used.  This  rate, 
Sp  . 1*  given  by 
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(14) 


Here  0 Is  the  change  In  the  stress  due  to  the  response  of  the  material;  the 
second  terms  arise  out  of  the  rotation  of  the  material.  The  need  for  the 
additional  terms  In  Eq.  (13)  can  easily  be  appreciated  by  considering  a bar 
In  a state  of  prestreas.  On,  with  O22  " 0,  oriented  along  the  xj  axis.  If 
the  bar  were  to  rotate  90*  to  the  X2  axis  without  any  deformation,  022 
would  become  the  prestresa  and  On  would  vanish,  yet  Ajj  would  vanish 
throughout  the  process. 

The  additional  terms  In  the  Cauchy  stress  rate  do  not  pose  a major  pro- 
blem, but  they  do  require  additional  computations  and  they  Introduce  another 
truncation  error  when  used  to  obtain  an  Increment  In  stress.  In  explicitly 
integrated  solutions,  this  truncation  error  la  probably  of  little  concern, 
but  If  the  rotation  Is  large  during  an  Increment,  Its  effect  may  be  signi- 
ficant. 

The  advantage  of  the  Cauchy  stress  tensor  la  that  it  yields  somewhat 
simpler  equations  of  motion.  The  equations  of  motion  In  terms  of  the 
Cauchy  and  Klrchhoff  stress  tensors  are,  respectively 
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The  corresponding  finite  element  equations  of  motion,  which  are  the  counter- 
part of  Eq.  (3)  are, 
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The  Klrchhoff  (or  Lagranglan)  form  of  the  equations  of  motion  Is  always  mors 
complex,  so  computationally,  a Cauchy  stress  formulation  may  bs  advantageous. 
It  Is  of  Interest  to  note  hers  that,  the  use  of  Eq.  (18)  requires  original 
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mesh  coordinates,  whereaB  In  Eq.  (17)  the  shape  functions  must  be  expressed 
In  terms  of  current  mesh  coordinates.  Although  Eq.  (17)  Is  In  terms  of 
Cauchy  (Eulerlan)  strens,  this  does  not  Imply  that  the  procedure  la  completely 
Eulerlan,  for  In  solids  Eq.  (14)  Is  generally  used  with  a Lagranglan  mesh. 

As  noted  by  Key  (61,  In  fluid  mechanics  and  hydrodynamics,  Cauchy  stress  and 
velocity  strains  have  been  used  exclusively,  and  computer  programs  are  called 
Lagranglan  or  Eulerlan  depending  on  the  type  of  mesh.  On  the  other  hand,  in 
solid  mechanics,  meshes  are  always  Lagranglan,  and  the  classification  of  the 
computer  programs  seems  to  depend  on  the  kinematics  and  kinetics:  (g,  - $) 
programs  are  called  Eulerlan,  (S  ~ %)  programs  are  called  Lagranglan. 


Constitutive  Equations  and  Interchangeability 

In  viewing  the  above,  it  can  be  seen  that  basically  three  methods  of 
description  have  been  discussed:  Klrchhoff  stress  - Green  strain  (S  - jy, 
Cauchy  stress  - Alamansi  strain  (o  - _e) , and  Cauchy  stress  (or  frame  indif- 
ferent rate)  — velocity  strain  (&-£)•  In  solid  mechanics,  a Lagranglan 
mesh  is  used  for  nit  of  these.  Moreover,  as  can  be  seen  from  Table  1 and 
Eq.  (12),  these  three  classes  of  description  are  Interchangeable  in  that 
transformation  formulae  are  available  between  the  stresses  and  the  strain 
measures  (or  their  rates).  The  kinematics  and  kinetics  of  each  of  these  pro- 
cedures Is  consistent.  Furthermore  it  Is  perfectly  possible  to  devise  appro- 
priate and  consistent  procedures  that  involve  alternative  combinations,  such 
as  S.  ~ £•  1*  I®  Interesting  to  observe  that  in  a £ - JE  formulation,  the 

nodes  would  be  updated  for  the  kinetics  but  not  for  the  kinematics. 

From  a theoretical  point  of  view  , the  choice  of  descriptions  for  the  kine- 
matics and  kinetics  Is  not  of  great  Importance.  As  a matter  of  practicality, 
the  Issues  are  not  as  simple.  First  of  all,  it  is  preferable  that  the  kine- 
matics and  kinetics  use  the  same  stresses  and  strains  as  the  constitutive 
equations,  for  although  the  transformations  are  available,  they  are  quite  time 
consuming.  In  this  respect  It  may  also  be  noted  that  the  Green  and  Alamansi 
strains  can  be  Interchanged  more  readily  with  each  other  than  with  the  velo- 
city strain:  the  computation  of  the  Creen  or  Alamansi  strain  from  the  velocity 
strain  requires  a transformation  and  an  integration,  plus  the  storage  of 
auxiliary  variables,  such  as  F;  see  Table  1.  The  Integration  also  Intro- 
duces a truncation  error.  On  the  other  hand,  the  (g - 4)  formulations  are 
computationally  more  efficient  because  Che  kinetic  and  kinematic  equations, 

Eqs.  (7)  and  (16),  are  considerably  simpler.  Therefore,  when  a constitutive 
equation  is  expressed  in  terms  of  £ and  jd>  a very  efficient  computational 
scheme  can  be  developed. 

Let  us  now  review  some  of  the  constitutive  theories  for  elastic  and 
elastic-plastic  large  strain  behavior.  For  elastic  materials,  the  constitu- 
tive theory  of  materials  Is  well  developed.  Truesdell  (7)  has  classlf  led 
elastic  materials  as  follows: 

(1)  Elastic  materials,  In  which  there  exists  a one-to-one  correspondence  be- 
tween jj  and  £;  this  relationship  can  always  be  transformed  to  an  4 - 4 
relationship. 

(2)  Hyperelastic  materials,  for  which  a strain  energy  exists. 

(3)  Ilypoelastlc  materials,  in  which  a frame  Invariant  rate  Is  linearly  related 
to  the  velocity  strain  tensor. 


U 
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Any  elastic  or  hyperelastic  relationship  can  be  transformed  to  a hypoelastlc 
relationship,  but  the  inverse  la  not  true:  given  a hypoelastlc  law,  a path- 
independent  Integral  which  corresponds  to  a strain  energy  can  not  necessarily 
be  found.  In  engineering, the  elastic  law  most  frequently  used  for  large 
strain  problems  is  the  Mooney-Rlvlln  material  which  is  a hyperelastic  law 
applicable  to  rubber.  Linear  elastic  laws  are  frequently  used  for  small- 
strain,  large  rotation  problems  of  metallic  structures. 
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In  elasto-plastlcity,  the  state  of  the  art  is  much  less  definitive.  A 
major  difficulty  in  extending  small  strain,  elastic-plastic  constitutive 
theories  to  large  strains  is  that  the  additive  decomposition  into  elastic  and 
plastic  strains  no  longer  applies.  This  was  pointed  out  by  Lee  [8] , who 
developed  a large  strain  theory  in  terms  of  the  Cauchy  stress  and  velocity 
strain.  A somewhat  different  theory  in  terms  of  Klrchhoff  stress  and  Green 
strain  has  been  described  by  Green  and  Naghdi  [9) . There  are  numerous  other 
papers  on  this  topic  which  can  not  be  Included  here.  In  any  case,  none  of 
these  theories  has  reached  the  stage  of  development  necessary  for  implementa- 
tion in  software.  Currently,  most  finite  element  programs  use  elastic-plastic 
constitutive  laws  which  are  simple  extrapolations  of  small  strain  laws  in 
terms  of  the  Klrchhoff  stress  and  Green  strain.  MARC,  HONDO  and  NONSAP  use 
this  approach.  When  correctly  executed,  such  relations  hold  for  large  rota- 
tion, small  strain  problems.  They  do  not  hold  for  large  strain  problems  be- 
cause an  additive  decomposition  of  elastic  and  plastic  Green  strains  is  made. 

A somewhat  different  approach  has  been  used  in  finite  difference  programs, 
such  as  Wilkins  110],  In  these  programs,  the  constitutive  equations  are  expres- 
sed in  terms  of  a rate  of  the  Cauchy  stress  and  a velocity  strain  ( in 
many  of  the  equations  in  the  text  of  [10],  a frame  invariant  rate 
is  not  specified,  but  it  is  Included  in  the  difference  equations).  The 
elastic  relations  are  hypoelaatic  and  of  the  form  of  Eq.  (19).  In  the  elastic- 
plastic  law,  an  additive  decomposition  into  the  elastic  and  plastic  parts  of 
the  velocity  strain  is  assumed.  No  rigorous  Justification  of  the  theory  is 
given,  but  it  is  Interesting  to  note  that  Lee  [8]  has  shown  the  validity  of 
an  additive  decomposition  of  the  elastic  and  plastic  velocity  Btralns,  pro- 
vided the  elastic  part  of  the  deformation  is  small.  Thus,  these  approaches 
appear  to  be  reasonable.  The  major  difficulties  would  probably  occur  in  the 
analysis  of  anisotropic  materials,  where  the  material  coefficients  would  have 
to  be  updated  to  reflect  the  rotation  of  the  material. 

In  summary,  there  appears  to  be  no  consensus  as  to  the  formulation  of 
large  strain  elastic-plastic  laws.  Thus,  in  the  development  of  more  powerful 
and  expensive  software  packages,  it  appears  to  be  wise  to  Include  several 
different  modes  of  description,  preferably  programmed  in  parallel  so  as  to 
minimize  the  computational  penalties.  HONDO  and  NONSAP  are  two  programs  in 
which  alternative  descriptions  are  already  available. 

It  should  be  clear,  however,  that  programmers  manuals  must  specify  the 
type  of  description  used  and  the  user  must  tailor  his  stress-strain  law 
accordingly.  In  large  strain  problems,  there  is  a large  difference  in  the 
uniaxial  behavior  for  the  different  modes  of  description.  This  is  illustrated 
in  Table  2,  which  compares  various  strains  In  a uniaxial  case.  Yet,  although 
these  differences  are  well  known,  many  user's  manuals  fall  to  Include  this 
information  or  bury  it  so  that  it  is  difficult  to  retrieve. 


Table  2 Comparison  of  Strain  Measures  for  Uniaxial  Strain 


Elongation  hi! In 


Green  strain  E. 


Alaraansi  strain  e. 


Corotational  (rigid 
convected)  strain  c. 


Logarithmic  strain 
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Alternative  Descriptions 


Corotatlonal  (or  Rigld-Convected)  Description 

Several  types  of  descriptions  have  been  developed  specifically  for  applica- 
tion In  discrete  element  methods,  with  the  aim  of  exploiting  the  simple 
form  of  the  discrete  element  displacement  fields  for  computational  efficiency. 
One  of  these  methods  Is  the  convected  coordinate  method  In  which  a local 
Cartesian  coordinate  system  is  embedded  In  the  element  so  that  It  rotates  but 
does  not  deform  with  the  element;  in  this  sense,  the  formulation  may  also  be 
called  corotatlonal. 

A complete  formulation  of  the  corotatlonal  finite  element  method  Is  given 
In  (11];  we  will  only  outline  It  here.  The  displacements  of  each  element  are 
first  decomposed  Into  rigid  body  displacements  and  deformation  displacements 
in  the  form 


rig 
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def 
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where  Is  found  from  the  motion  of  the  element' 

atlon  of  the  element  la  measured  by  the  strain 
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s coordinates.  The  deform- 
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The  conjugate  stress  Is  £ which  can  be  expressed  In  terms  of  £ by 
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Both  the  stress  and  strain  as  defined  here  are  of  a material  character.  The 
convected  strain  Is  the  stretch  tensor  minus  the  unit  tensor,  so  any  rela- 
tions between  £ and  ? may  easily  be  Interchanged  with  £ - £ relationships. 
The  advantage  of  a corotatlonal  formulation  Is  the  simplification  In  the 
atraln-dlsplaceaent  and  lilnetlc  relationships  (see  Ref.  (11]  for  details), 
which  Improve^computatlonal  efficiency.  Also,  both  the  stress  rate  and  the 
strain  rate,  0 and  C are  frame  Indifferent,  so  both  can  be  used  In  Incre- 
mental stress-strain  laws  directly. 


"Updated"  Lagranglan  Formulation 

Another  method  of  description  which  has  generated  some  Interest  Is  the  "up- 
dated" Lagranglan  formulation  described  In  (12],  which  Is  one  of  the  op- 
tions of  NONSAP. 

In  this  description,  a Lagranglan  mesh  is  used:  the  equations  at  any  step 
14-1  of  the  computations  are  referred  to  the  configuration  at  the  previous  step 
I.  The  state  at  step  I Is  described  by  the  Cauchy  stress  and  Alamansl  strain; 
the  Increment  In  state  variables  Is  described  by  the  Klrchhoff  stress  and 
Alamansl  strain  relative  to  the  configuration  at  I. 

The  value  of  this  foneulstlon  lies  principally  In  Its  development  of  a 
consistent  set  of  Incremental  equations,  which  are  useful  In  Implicit  tran- 
sient and  static  solutions  where  deformations  may  be  large  during  a step. 
Broadly  speahlng,  this  formulation  is  identical  to  a Cauchy  stress,  Alanunsl 
strain  formulation  with  a Lagranglan  mesh. 


XOM.INLAR  ASAIYSIX 


547 


I 


DESCRIPTIONS  AND  FORMULATIONS  FOR  STRUCTURES 


In  the  analysis  of  structures,  the  choices  and  difficulties  are  quite 
different  from  those  In  solid  continue.  The  choice  of  Eulerlan  or  Lagranglan 
meshes  or  stresses  la  realistically  no  longer  pertinent:  the  mesh  and  stress 

must  both  be  of  a Lagranglan  type.  A mesh  fixed  In  space  Is  obviously  In- 
appropriate. An  Eulerlan  description  of  stress  Is  not  suitable  because  certain 
stresses,  such  as  the  ones  through  the  thickness  of  a plate,  are  assumed  to 
vanish  In  structural  elements.  These  conditions  can  not  be  expressed  In  a 
straightforward  fashion  unless  the  stresses  are  related  to  the  deformed  struc- 
ture In  a specific  way,  regardless  of  the  extent  of  rotation  and  deformation. 
Hence  the  stresses  should  preferably  be  of  a Lagranglan  type. 

In  numerical  analysis  the  major  difficulty  In  shell  formulations  lie  In 
the  development  of  strain  displacement  equations,  (and  In  finite  element 
methods,  the  choice  of  good  shape  functions).  Although  relations  can  be 
written  for  the  strains  In  terms  of  the  geometry  of  the  deformed  surface,  the 
development  of  reasonably  concise  and  workable  equations  for  the  strains  In 
terms  of  displacements  la  possible  only  if  restrictions  are  made  on  the  mag- 
nitudes of  rotations. 

For  the  purpose  of  providing  a simple  example,  let  us  consider  a beam  In 
thex.y  plane  which  Is  Initially  of  curvature  1/R  aa  shown  In  Fig.  2.  Al- 
though many  of  the  difficulties  In  nonlinear  shell  theory  cannot  be  Illustrat- 
ed In  a baas,  some  of  tha  difficulties  will  become  apparent.  He  will  make 
the  usual  Xirchho  '<  assumption  (called  the  Kuler-Bernoulll  assumptions  for  a 
beam)  that  normal*  to  the  midlint  remain  straight  and  normal.  The  axial 
strain  Is  then  given  by 

E ’ E.id  + (23a) 

x - (x,2g  + y ,2g)i  (23b) 

where  ia  che  midllne  strain,  ( li  i coordinate  perpendicular  to  the  mld- 

Une,  K is  the  current  curvature,  and  a comma  denotes  a differentiation  with 
respect  to  the  subsequent  subscripts.  In  writing  Eq.  (23),  we  have  assumed 
that  the  mldllne  strains  (or  membrane  strains)  art  small,  so  that  an  additive 
decomposition  Into  membrsnc  and  bending  strains  Is  possible.  This  assumption 
is  made  In  almost  all  present  day  shell  theories. 
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Moderately  Small  Rotation  Equations 


One  of  the  difficulties  In  shell  theory  lies  In  expressing  the  current  curva- 
ture In  terms  of  the  displacements.  The  curvature  expression,  Eq.  (23b),  Is 
very  complex,  and  once  It  Is  simplified  the  effect  of  displacements  normal  to 
the  mldllne  differs  from  that  of  the  tangential  displacements.  If  the 
rotations  are  large,  this  obviously  presents  problems,  since  the  identifica- 
tion of  a normal  displacement  Is  difficult. 

Therefore  most  strain  displacement  equations  are  restricted  to  moderately 
small  rotations.  The  most  popular  of  these  are  the  uquationa  of  Sanders  [13], 
which  are  used  in  SATANS,  SHORE  and  several  other  programs.  Kolter  [14]  de- 
rived a similar  set  of  equations  by  a different  approach,  so  these  equations 
are  sometimes  also  called  the  Kolter-Sanders  equations.  In  these  equations 
It  Is  assumed  that  the  rotations  are  of  order  c , where  C Is  small  compared  to 
unity  (In  radians),  and  that  the  midplane  strains  are  of  order  e2.  The 
accuracy  of  these  equations  is  quite  good  for  rotations  of  up  to  5s, 
but  progressively  deteriorates  from  that  point. 

For  the  beam,  the  Sanders  counterpart  of  Eq.  (23)  Is 
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(24) 


The  effect  of  the  terms  u/R  and  u,s/R  In  Eq.  (24)  is  quite  small  If  the 
radius  of  curvature  Is  large.  If  the  corresponding  terms  are  dropped  In  the 
shell  equations,  which  Implies  a quasi-shallow  shell,  the  result  is  the 
Donnell-Mushtari-Vlasov  equations,  which  were  first  given  by  Doncell  [IS]  for 
cylindrical  shells;  see  Brush  and  Almroth  [16]  for  a more  complete  discussion. 
These  equations  are  of  simpler  form  and  In  many  cacce  as  accurate  as  the 
Sanders  equations. 

If  the  beam  la  shallow,  the  curvature  can  be  approximated  by 


I . v (25) 

R ’XX 

where  X Is  a coordinate  along  the  chord  of  the  boim,  and  Y Is  normal  to  X. 
This  approximation  yields  Haguerre's  shallow  shell  equations  [17].  These 
equations  only  hold  for  very  small  curvatures  where  the  angle  between  the 
chord  X and  the  surface  of  the  shell  is  less  than  10*.  These  equations  have 
been  used  by  Vos  [18]  and  Bergen  and  Clough  [19],  but  do  not  appear  directly 
In  any  of  the  software  reviewed  here. 

All  of  these  equations  are  restricted  to  moderately  small  rotations.  In 
a straight  beam,  these  equations  Introduce  ficticious  membrane  strains  of 
order  0.06Z  when  the  rotation  is  2*,  and  of  order  1.5Z  when  the  rotation  Is 
10°.  Thus  If  the  actual  strain  Is  1Z,  the  errors  In  the  strain  computation 
are  6X  and  130Z,  respectively.  Obviously,  the  error  for  10°  of  rotation  Is 
unacceptable. 

These  equations  are  very  useful  for  the  study  of  dynamic  Instability 
problems  (see  [20])  where  a structure  Is  usually  considered  to  have  failed 
when  rotations  of  order  3°  occur.  On  the  other  hand,  for  crashworthiness  and 
safety  studies,  where  the  response  and  energy  absorbing  capacity  of  the 
structure  for  much  larger  rotations  is  of  Importance,  these  equations  are  not 
appropriate. 


Large  Rotation  Equations 

Two  approaches  to  developing  large  rotation  formulations  are  used  In  computer 
software.  One  method  Is  to  take  the  strain  equatlone  written  In  terms  of  the 
current  geometry,  such  as  Eq.  (23),  and  to  obtain  an  Incremental  form 

A£  » A £nld  + 0c  (26) 
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This  approach  la  used  by  Morlno,  et  al..  In  PETROS  [21].  The  Incremental 
equations  are  quadratic  In  the  Incremental  displacements  so  that  the  re- 
sulting equations  are  quite  simple.  This  approach  may  be  used  for  arbitrarily 
large  rotations.  The  only  drawback  lies  In  the  truncation  error:  these 
equations  should  probably  le  used  only  with  explicit  Integration  schemes  where 
the  Incremental  displacement  is  small. 

A second  approach  Is  to  use  a system  of  corotatlonal  coordinates  associat- 
ed with  each  element  [11].  The  rigld-ro-werted  coordinate  system  Is  embedded 
In  the  element  so  that  It  rotate*  with  the  element.  If  we  consider  an  element 
that  is  Initially  straight,  such  as  shown  in  Fig.  3,  the  deformation  displace- 
ments may  be  considered  and  0,  and  the  strains  are  given  by 


i/aodef\2 

2\jr~/ 


The  second  term  la  Included  only  when  the  variation  of  rigid  body  rotation 
within  an  element  Is  moderate,  i.e.  when  ( 30/ 3St) 2 js  significant  compared  to 
3uxdef/38.  Similarly,  for  initially  curved  elements,  Haguerre's  shallow 
shell  equations  may  be  used  in  the  corotatlonal  coordinates.  As  can  be  seen 
from  Fig,  3,  the  transverse  displacement  0**®^  Is  always  normal  to  the  co- 
ordinate i. 

This  approach  Is  valid  for  arbitrarily  large  rotations  and  Is  used  by 
Argyrls,  et  al.  [22],  by  Hurray  and  Wilson  [23]  and  In  [11].  It  is  interest- 
ing to  observe  that  this  spproach  may  also  be  viewed  as  a direct  application 
of  Eq.  (23)  with  the  arc  length  a approximated  by  straight  line  segments. 


Nonlinear  Membrane  Strain  Equations 


Many  structural  mechanics  programs  use  a complete  Lagranglan  theory  for 
the  membrane  strains  and  Ignore  the  second  order  effects  on  bending  strains. 
Among  these  programs  are  DYNAPLAS  and  the  flat  plate  elements  In  MARC.  In 
this  approach,  the  displacement  normal  to  the  midplane  Is  taken  to  be  the 
displacement  normal  to  the  original  midplane,  and  the  bending  strains  are 
obtained  by  a linear  theory.  In  addition,  the  second  order  terms  In  the  mem- 


Flg.  3 Decomposition  of  displacements  of  beam  element  Into  rigid  body 
and  deformation  displacements 


550 


SHOCK  AND  VIBRATION  COMPUTER  P ROC,  RAMS 


brane  displacement  gradient  are  often  dropped.  The  beam  equation  for  this 
approach  Is 

E • u,x  + - tw>xx  (28) 

By  letting  R and  X * s In  the  Sandera'  type  equations,  Eq.  (24),  the  above 
equation  Is  also  obtained.  Similarly,  the  reduction  of  the  Sanders  equations 
to  a flat  plate  yields  the  vonKarman  plate  equations,  which  include  the  nonlin- 
earltles  only  In  the  membrane  terna.  These  equations  are  valid  only  for  moder- 
ately small  rotations. 


NUMERICAL  STABILITY 

In  the  Integration  of  the  discrete  equations  of  motion,  If  the  time  step 
Is  too  large,  the  computed  response  may  grow  In  an  unbounded  manner.  This 
phenomenon  la  called  a numerical  Instability.  It  has  no  physical  significance 
and  la  entirely  a numerical  problem. 

In  order  to  discuss  numerical  stability,  It  Is  useful  to  separate  ex- 
plicit and  Implicit  Integration  schemes.  The  relative  advantages  have  been 
discussed  In  [24,  25).  The  baalc  difference  between  the  two  methods 
relates  to  how  the  displacements  at  the  end  of  the  time  step  are  obtained: 
in  Implicit  methods,  the  displacements  are  found  directly  by  the  solution 
of  the  governing  equations;  in  explicit  methods,  the  accelerations  are  found 
first  and  Integrated  to  yield  the  displacements.  Implicit  methods,  as  a 
rule,  involve  greater  computational  effort  per  time  step. 

For  linear  problems,  a rigorous  understanding  of  numerical  Instabilities 
has  been  developed.  It  has  been  proven  and  Is  well  known  that  In  a central 
difference,  explicit  Integration,  the  computation  will  be  stable  If  the  time 
step  la  less  than 

At  S \ (29a) 

or  equivalently  for  homogeneous-strain  elements 

At  S | (29b) 

where  X is  the  maximum  frequency  of  the  discrete  system,  c the  acoustic  wave 
speed,  and  £.  the  minimum  element  dimension.  Implicit  integration  schemes, 
such  as  the  Newmark  B-method  with  B a *1,  are  unconditionally  stable  for 
Uneur  problems:  there  are  no  limitations  on  the  time  step;  see  Newmark 

[26)  or  Nickell  [27]. 

For  nonlinear  problems,  the  situation  Is  quite  unclear.  For  many  years, 
continuum  problems  have  been  solved  by  using  the  criterion  of  Eq.  (29b)  with 
c taken  as  the  current  local  wave  speed  In  the  material,  and  this  criterion 
has  been  found  to  be  adequate. 

Oden  and  Frost  [28}  recently  proved  that  Eq.  (29b)  Is  sufficient  for 
energy  stability  for  a one-dimensional,  linear  displacement,  finite  element 
mesh.  This  proof  was  restricted  to  materials  In  which  the  stress  Is  a 
monotonlcally  Increasing  function  of  strain,  and  did  not  Include  geometric  non- 
llnearltlee.  These  restrictions  were  motivated  to  a large  extent  by  the  proof  of 
convergence,  which  was  also  Included.  From  the  empirical  evidence  cited  above, 
and  the  Oden  and  Frost  paper.  It  appears  that  rigorous  proofs  of  this  stability 
criterion  for  arbitrary  meshes  and  arbitrary  nonlinear  materials  will  soon  be 
forthcoming. 

In  the  analysie  of  solid  continue  the  effect  of  geometric  nonllnearltles 
le  usually  quite  small.  However,  It  la  not  clear  whether  Eq.  (29b) 
also  applies  to  geometrically  nonlinear  structural  problems.  Rlchtmyer  and 
Morton  [29]  Include  stability  limits  for  a string  under  uniform  tension. 

These  stability  limits  are  smaller  than  Eq.  (29b)  and  depend  on  the  tension 
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(Initial  stress)  so  evidently  in  a structure  undergoing  large  rotations,  the 
Holts  on  the  tloe  step  may  be  more  restrictive  than  Eq.  (29b). 

In  most  structural  software,  such  as  WHAM  and  PETROS  a trial  and  error 
approach,  with  Eq.(29)  as  a guldepost,  has  been  reconaended.  It  Is  tacitly 
assumed  that  when  the  computations  are  unstable,  the  response  Is  so  large 
that  the  error  la  obvious  to  the  user.  In  addition  to  Its  Inconvenience, 
this  approach  hat  Its  pitfalls.  Thus,  as  mentioned  In  [24]  and  [25],  If  the 
material  Is  elastic-plastic,  it  may  dissipate  the  energy  due  to  a numerical 
Instability  and  thus  arrest  it.  The  resulting  computations  look  quite  rea- 
sonable In  spite  of  their  large  errors. 

These  errors  in  nonlinear  analysis,  and  many  others,  can  be  detected  by 
energy  balance  checks.  The  occurence  of  an  arrested  Instability  la  always 
associated  with  a spurious  growth  of  the  internal  energy.  Energy  balance 
checks  have  been  a standard  feature  of  many  finite  difference  programs  for 
years,  but  are  still  absent  in  some  of  the  finite  element  programs.  When  an 
energy  computation  la  not  available,  It  is  sometimes  wise  to  rerun  the  pro- 
blem with  a smaller  time  step. 


Implicit  Integration 

Whereas  Implicit  Integrations  are  unconditionally  stable  for  linear  problems, 
this  Is  not  true  for  nonlinear  problems.  Belytschko  and  Schoeberle  [30] 
have  recently  shown  that  an  Implicit  procedure  combined  with  Iterations 
is  unconditionally  stable  provided  the  error  In  the  energy  Is  controlled  by 
a tolerance  In  each  time  step.  This  proof  applied  only  to  nopllnear  materials. 
Results  given  In  [30]  for  geometrically  nonlinear  problems  also  exhibited 
stsbllity  for  very  large 'time  steps,  but  an  analysis  of  the  proof  shows  that 
numerical  stability  probably  requires  bounds  on  the  rotation  during  a time 
step. 

Again,  most  finite  element  programs  vith  implicit  Integration,  such  as 
DYNAPLAS  or  MARC,  have  not  specified  a stability  limit  for  the  time  step:  It 
must  be  obtained  by  trial  and  error.  An  energy  balance  check  Is  obviously 
of  value. 

Another  problem  that  arises  In  Implicit  Integration  Is  that  even  If 
stability  Is  maintained,  a large  time  step  may  give  bad  results  because  the 
stress-strain  path  Is  not  followed  adequately.  No  guidance  Is  presently 
available  for  the  user,  either  before  or  after  the  computation,  as  t whether 
the  time  step  allowed  the  stress  history  to  bs  tracked  with  sufficient  sccuracy. 
The  only  recourse  open  to  the  user  Is  to  repeat  the  computation  with  a dif- 
ferent time  step. 


COMPUTER  PROGRAMS 

We  will  here  classify  the  programs  In  the  same  manner  as  our  treatment  of 
descriptions:  continuum  programs  and  structural  programs.  The  programs, 
along  with  their  capabilities  and  features  are  eummarlted  in  Tables  3 and  4, 
respectively.  Structural  programs  ars  those  which  treat  elements  such  as 
plates,  shells  and  beams,  so  In  a broad  sense  they  Involve  certain  restric- 
tions on  the  variation  of  displacements  such  as  the  Rslssner  or  Kirchhoff 
assumptions.  Continuum  programs  ars  those  In  which  the  field  equations  are 
treated  directly  with  no  simplifying  assumptions. 

Structural  programs  are  most  suitable  for  the  analysis  of  slander  or 
moderately  thick  elements  when  the  nature  of  the  loading  or  desired  response 
Is  such  that  the  wave  propagation  through  the  thickness  Is  unlaq>ortant. 
Continuum  programs  are  often  ueed  for  structural  analysis,  but  unless  the 
wave  propagation  through  the  thickness  Is  Important,  such  applications  are 
needlessly  uneconomical.  To  Illustrate  this  point,  It  should  be  noted  that 
an  adequate  treatment  of  a structural  element  requires  3 to  5 constant 
strain  tones  through  the  thickness.  Thus,  when  continuum  programs  are  ueed 
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for  structural  analysis,  not  only  are  s large  number  of  elements  needed, 
but  because  the  zones  are  very  thin,  the  time  step  in  explicit  integration 
procedures  must  be  very  small. 

Most  conti'.uum  programs  are  restricted  to  two-dimensional  or  axlsym- 
metrlc  three-dimensional  problems.  Programs  for  true  three-dimensional 
analysis  are  still  rare,  not  because  of  any  theoretical  difficulties,  but 
because  it  is  almost  impossible  for  present-day  computers  to  economically 
handle  a sufficient  number  of  degrees  of  freedom  to  achieve  adequate  resolu- 
tion in  three-dimensional  problems. 

A third  category  which  may  be  considered  are  those  programs  with  both 
structural  and  continuum  elements.  These  programs  are  Included  in  both 
tables  and  denoted  by  asterisks;  the  entries  in  Tables  3 and  A pertain 
only  to  the  continuum  and  structural  elements,  respectively. 

The  combination  of  structural  and  continuum  elements  Is  very  advanta- 
geous for  structure-media  Interaction  problems  because  the  structure  then 
need  not  be  modelled  by  continuum  elements  and  its  attendant  disadvantages 
are  avoided. 

In  an  earlier  survey,  Belytschko  [2A]  classified  transient  analysis 
programs  as  general  purpose  and  special  purpose.  Only  two  programs  with 
nonlinear  capabilities  were  Included  in  the  general  purpose  category:  MARC 
and  ANSYS.  Even  this  classification  was  rather  optimistic,  since  the  non- 
linear capabilities  of  these  two  programs  are  quite  limited  compared  with 
the  range  of  capabilities  required  for  nonlinear  analysis.  Therefore,  this 
classification  Is  not  pursued  herein. 


Continuum  Analysis  Programs 

The  continuum  analysis  programs  are  listed  in  Table  3.  They  are  further 
subdivided  in  this  discussion  into  finite  element  and  finite  difference  pro- 
grams. Programs  that  also  Include  structural  elements  are  denoted  by 
asterisks. 


Finite  Element  Programs 

ANSYS  Is  a finite  element  program  with  a large  variety  of  elements:  beam, 
plane  elements,  flat  plate  (shell)  elements,  and  solid  three-dimensional 
elements.  The  equations  of  motion  are  solved  by  an  implicit  procedure:  the 
type  of  difference  operator  Is  not  specified  in  the  documentation,  nor  are  the 
mesh,  kinematic  or  kinetic  descriptions.  No  iterations  are  used  during  a time 
step  to  reduce  error  forces,  so  even  in  small  deflection  problems,  the  im- 
plicit method  is  not  unconditionally  stable.  Ceometrlc  stiffness  matrices 
are  included  in  only  some  of  the  elements.  An  elastic-plastic  material  with 
the  von  Mlses  yield  surface  and  either  kinematic  or  isotropic  hardening  is 
used.  In  the  survey  reported  in  [2A],  the  user  reaction  to  this  program  was 
very  favorable,  but  most  uses  of  this  program  appear  to  Involve  at  most 
material  nonlinearities.  The  capabilities  for  completely  nonlinear  problems 
are  continuously  being  Improved,  but  are  still  rather  limited. 

MARC  is  a similar  program  with  a somewhat  larger  library  of  elements. 
Additional  elements  are:  higher  order  isoparametric  solid  elements,  curved 
beam  elements  and  curved  shell  elements.  Materials  Included  are  the  standard 
von  Mlses,  linear  hardening,  elastic-plastic  law,  with  both  isotropic  and 
kinematic  hardening,  and  a class  of  Mohr-Coulomb  laws,  which  are  useful  for 
soils.  The  meshes  are  tagranglan,  and  the  solid  elements  use  the  second 
Klrchhdf f-Piola  stress  and  Creen-straln  tensor. 

Integration  of  the  equations  of  motion  is  by  an  implicit  procedure  using 
the  Newmark  difference  equations.  Residual  force  calculations  are  made  but 
it  is  not  clear  whether  iterations  are  controlled  by  a tolerance  (no  toler- 
ance is  input).  An  explicit  integration  option  has  recently  been  added. 


Table  3.  Programs  for  Solid  Continua 


*also  includes  structural  elements,  see  Nomenclature  for  identification  of  symbols;  Abbreviations:  si  - axisymmetric; 

C.D.  - central  difference;  exp.  - explicit;  F.Ele.  - finite  element;  F.Dif.  - finite  difference;  L Tagrangian; 

N - Nevmark  8-method;  W - Wilson  0-method;  SS  - Stif fly-stable;  R - Runge-Kutta 


Table  4.  Structural  Element  Programs 
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NONSAP  Is  a readily  available  and  widely  used  finite  element  program. 

The  user  of  this  program  has  the  cholde  of  either  a Lagranglan  or  what  la 
called  an  updated  Lagranglan  formulation.  The  first  formulation  la  completely 
Lagranglan:  It  uses  a Lagranglan  mesh,  the  Klrchhof f-Ptola  stress,  and  the 
Green  strain.  The  second  formulation  also  uses  a Lagranglan  mesh,  but  It  uses 
a Cauchy  stress  and  the  Alamansl  strain  (so  that  the  shape  functions  must  be 
computed  in  terms  of  the  current  or  "updated"  nodal  coordinates). 

The  element  library  consists  primarily  of  isoparametrlcs:  a spring 
element,  an  8 node,  curved-side,  two-dimensional  plane  stress,  plane  atraln, 
and  axlsymmetric  element,  and  a 20  node,  three-dimensional  isoparametric. 

The  latter  Is  available  for  nonlinear  materials,  but  not  large  displacement 
problems.  An  extensive  library  of  material  laws  is  Included:  elastic-plastic 
materials,  variable  tangent  modulus  models,  and  a Hooney-Rlvlln  material. 

Integration  of  the  equations  of  motion  Is  by  an  Implicit  procedure  based 
on  the  Newmark  or  Wilson  difference  equations  (user  option),  and  residual 
force  Iteration  Is  Included.  Overall  It  Is  one  of  the  better  programs 
available  for  nonlinear  problems  under  moderately  rapid  ratea  of  loading  (as 
distinct  from  shock).  Its  major  drawbacks  are  the  absence  of  structural 
elements  and  explicit  Integration. 

HONDO  Is  a finite  element  program  developed  for  shock  and  wave  propaga- 
tion problems  that  duplicates  many  of  the  features  of  finite  difference  pro- 
grams discussed  later  (HEMP,  TOODY,  etc.).  The  major  difference  is  in  the 
use  of  a finite  element  format  and  a different  kinematic  and  kinetic  descrip- 
tion. A Lagranglan  mesh  la  used,  and  the  equations  of  motion  are  expressed 
in  terms  of  the  Cauchy  stress.  Both  the  veloclty-etraln  and  Green  (actually 
the  deformation  tensor  3xt/3Xj)  strain  are  computed;  so  that  either  type  of 
constitutive  equation  may  be  used.  When  the  stress-strain  law  Is  expressed 
In  terms  of  the  second  Klrchhof f-Piola  stress  vs.  Green  strain,  provisions 
are  Included  for  effecting  Eq.  (2),  the  transformation  to  Cauchy  stress, 
which  Is  used  In  the  equations  of  motion.  An  extensive  library  of  materials 
Is  Included:  an  elastic-plastic  atraln  hardening  material,  a soil  or  crush- 
able  foam  model,  a viscoelastic  material,  a continuum  rubber,  and  a 
"Klrchhoff"  elastic  law.  Only  one  element  Is  Included:  the  bilinear  dis- 
placement quadrilateral  applicable  to  axlsymmetric,  three-dimensional  problems 
(plane  problems  are  treated  by  letting  the  radius  be  very  large). 

Temporal  Integration  Is  by  a central  difference,  explicit  procedure. 

A lumped  mass  matrix  Is  used.  The  time  step  Is  variable  and  computed  Inter- 
nally, but  energy  balance  checks  are  not  made.  Artificial  viscosities  for 
shock  spreading  and  hourglass  control  are  Included. 

WHAM  II  Is  for  two-dimensional  plane  and  axlsymmetric  problems.  A 
rlgid-convected  (corotatlonal)  formulation  Is  employed.  The  mesh  Is 
Lagranglan,  while  t{te  stress  is  corotatlonal.  Deformation  la  measured  by 
a convected  strain  e,  which  is  the  stretch  tensor  minus  the  unit  matrix. 

The  element  library  consists  of:  beam,  conical  axlsymmetric  shell,  constant 
strain  axlsyanetrlc  or  plane  triangle.  Only  elastic  and  elastic-plastic 
materials  with  bilinear,  Isotropic  strain  hardening  are  included. 

Integration  Is  by  a central  difference,  explicit  procedure,  with  con- 
stant time  step.  Energy  balance  checks  are  made,  and  the  energy  In  any 
element  or  group  of  elements  may  be  output.  Artificial  vlscoalty  and 
sliding  Interfaces  are  Included.  The  program  Is  quite  efficient:  on  an  IBM 
370/195,  a 5000  element  mesh  takes  1 second  par  time  step.  An  updated  ver- 
sion with  quadrilaterals,  Isoparametrlcs  and  an  implicit  Integration  option 
(over  part  of  or  the  whole  mesh)  Is  soon  to  be  completed.  A three-dimensional 
structural  program  described  later,  WHAM  III,  Is  part  of  tha  system  and  uses 
the  same  input  and  output  routines. 
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Finite  Difference  Programs 

The  three  most  widely  used  finite  difference  programs  are  HEMP,  PISCES 
and  TOODY.  All  three  of  these  programs  use  similar  difference  equations 
Initially  described  by  Wilkins  [10],  the  author  of  HEMP.  These  programs  oan 
treat  two-dimensional  plane  and  three-dimensional  axisytmetrlc  geometries. 

The  mesh  Is  Lagranglan,  the  deformation  Is  measured  by  the  rate-of-deforma- 
tlon  tensor,  and  the  kinetics  are  Eulerlan.  The  rate-of-defonnatlon  tensor 
is  not  Integrated  in  time,  so  all  constitutive  equations  are  Incremental. 

These  programs  use  central-difference,  explicit  Integration  in  time  and 
lumped  masses.  Sophisticated  formulae  are  Included  for  computing  a stable 
time  step,  and  the  size  of  the  time  step  Is  varied  during  the  computation. 

The  constitutive  equations  in  these  three  programs  are  oriented  towards 
problems  of  high-pressure  Impact.  HEMP,  In  its  original  form.  Includes  only 
an  elastic-plastic  law  and  an  equation  of  state  (pressure-volume  relationship) 
for  energy  deposition  problems,  such  as  used  in  the  analysis  of  detonations. 

In  the  elastic-plastic  law,  an  additive  decomposition  Into  plastic  and  elastic 
velocity  rates  Is  assumed,  and  a frame  invariant  Cauchy  stress  rate  is  ex- 
pressed In  terms  of  the  velocity  strain  tensor;  the  pressure  is  computed  from 
a cubic  function  of  the  specific  volume,  the  Hugonlot  equation  of  state.  It 
may  be  noted,  that  according  to  Lee  [8],  the  additive  decomposition  Into 
plastic  and  elastic  velocity  Btrains  Is  only  valid  when  the  elastic  strains 
are  small.  Both  perfect  plasticity  and  Isotropic  strain  hardening  are  In- 
cluded; for  the  latter  the  yield  function  Is  taken  to  be  a function  of  the 
strain  energy.  The  elastic  portion  of  this  stress-strain  law  also  relates 
the  Jaumann  rate  of  Cauchy  stress  to  the  rate-of-deformatlon,  so  it  Is  a 
hypoelastlc  relationship. 

PISCES  and  TOODY  are  very  similar  to  HEMP  in  all  aspects:  kinematics, 
kinetics  and  constitutive  equations,  differing  only  In  details.  An  Inter- 
esting feature  of  TOODY  Is  a sophisticated  implementation  of  access  to  ex- 
ternal storage  that  provides  it  with  almost  unlimited  size  capability. 

All  of  these  programs  have  large  libraries  of  constitutive  equations. 
Their  elastic-plastic  laws  have  the  option  of  various  yield  surfaces:  pure 
hydrodynamic,  where  the  yield  Is  a function  of  only  the  pressure;  the  von 
Mlses  yield  function;  the  Mohr-Coulomb  yield  fumtion.  A constant  hardening 
modulus  can  be  used  In  conjunction  with  Isotropic  hardening.  In  addition, 
some  compaction  models  and  spalling  models  and  complex  equations  of  state 
with  phase  changes  and  chemical  reactions  are  Included. 

In  all  of  these  programs,  the  shape  of  the  mesh  Is  quite  unrestricted. 
The  zones  are  all  quadrilaterals  and  are  generated  automatically  by  an  I-J 
system.  No  triangular  zones  are  Included.  Instead,  an  Interface  between 
regions  of  different  zone  sizes  can  be  treated  as  a special  case  of  a sliding 
Interface.  The  Interfaces  may  be  either  rigid,  sliding,  or  sliding,  and  de- 
bond lng.  However,  In  spite  of  this  generality,  some  complex  geometries  found 
In  engineering  problems  cannot  be  treated  because  there  are  restrictions  on 
the  meshes;  for  example.  In  TOODY,  sliding  Interfaces  must  be  lines  of  con- 
stant I.  Moreover,  the  techniques  of  applying  the  I-J  system  to  complicated 
geometries  Is  difficult  to  learn  from  the  user's  manual. 

The  finite  difference  governing  equations  are  very  similar  to  certain 
finite-element  equations.  Thus,  for  example,  Belytschko  et  al.  I 3]  have 
shown  that  the  finite  element  equations  for  a quadrilateral  mesh  with  a single 
point  per  element  quadrature  for  the  hydrodynemlcs  are  Identical  to  the 
equations  given  by  Wilkins.  However,  at  the  present  time,  for  problems  of 
shock  and  high  Impact,  only  solutions  obtained  by  finite  difference  programs 
have  been  extensively  reported  In  the  literature. 

Some  other  programs  with  similar  difference  equations  are  REXCO  (31], 
APTON  [32]  and  CRAM  [33].  REXCO  Includes  a finite  difference  formulation  of 
shell  equations,  but  there  are  restrictions  on  its  placement  and  shape  rela- 
tive to  the  continuum. 

Many  of  these  programe  are  restricted  In  distribution  to  government  and 
agency  users.  PISCES  la  a proprietary  program  available  to  CYBERNET,  its  use 
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is  quite  expensive:  a 75  element  mesh  for  a time  step  takes  one  AKU  unit  of 
CDC  6600  time.  T00DY  la  available  from  Argonne  Code  Center. 


Structural  Programs 

We  will  group  the  structural  programs  as  follows:  axlsymmetric  shell  pro- 
grams (both  finite  element  and  finite  difference),  finite  element  space  frame 
and  shell  programs,  and  finite  difference  arbitrary  shell  programs.  The 
greatest  variety  of  programs  are  available  In  the  first  group,  and  many  of 
these  have  reached  a high  degree  of  development,  both  technically  and  In  us- 
ability. The  second  group,  which  Is  of  great  importance  in  many  engineering 
applications,  is  quite  sparse.  Only  finite  element  programs  have  been 
developed  for  the  nonlinear  analysis  of  apace  frames,  some  of  these  programs 
also  Include  plate  bending  or  shell  elements. 


Axlsymmetric  Shells  Programs 

This  class  of  programs  is  applicable  to  rotationally  symmetric  shells.  Ex- 
cept for  a few  of  the  programs,  the  load  need  not  be  rotationally  symmetric. 

SAMMSOR/DYNAPLAS  Is  a finite  element  program  for  this  class  of  pro- 
blems. The  shell  equations  formulation  Is  nonlinear  only  In  the  membrane 
strains,  so  It  Is  restricted  to  moderately  small  rotations.  Loads  that  are 
not  rotationally  synnetrlc  are  treated  by  a Fourier  superposition -In  the 
clrcumferentlsl  direction.  An  elastic  plastic  stress  strain  law  with  either 
Isotropic  strain  hardening  or  a Whlte-Bessellng  hardening  law  la  Included. 

Temporal  Integration  la  by  a Houbolt  Implicit  method,  with  the  non- 
llnearltles  treated  as  pseudo  forces.  An  explicit  Integration  option  Is 
available.  Neither  equilibrium  Iteration  nor  energy  balance  checks  are  In- 
cluded. The  program  la  very  nicely  documented  and  user-oriented,  and  It 
has  been  used  by  outside  users  with  little  difficulty. 

SABOR/DRASTIC  6A  and  STARS  are  similar  programs.  STARS  uses  a multi- 
segment  forward  Integration  procedure  to  solve  the  shell  equations;  It  Is 
applicable  to  geometrically  nonlinear  problems  only  for  axlayametrlc  loads. 

SATANS  Is  a finite  difference  program  for  axlsymmetric  shells  under 
arbitrary  loads.  Its  shell  equations  are  of  the  Sanders  type,  applicable 
to  auderate  rotations.  A Houbolt  method  Is  used  to  Integrate  the  equations 
of  motion,  with  the  nonlinearltles  sppesrlng  as  pseudo-forces.  Only  elastic 
materials  can  be  treated.  The  program  Is  Intended  primarily  for  the  study 
of  dynamic  Instabilities,  and  many  such  studies  with  this  program  have  been 
reported;  (see  (201). 

SHORE  uses  a somewhst  different  finite  difference  approach  to  this 
problem  class:  although  the  program  is  restricted  to  axlsyaretrlc  shells,  the 
equations  are  formulated  on  a two-dimensional  mesh.  This  approach  may  be 
more  effective  than  Fourier  superposition  for  loads  that  are  applied  on  very 
small  sectors  about  the  circumference. 


Spsce  Frame  and  Shell  Programs 

For  structural  applications,  ANSYS  has  both  beam  and  flat  plate  elements;  the 
same  cosssents  made  In  the  section  on  continuum  programs  apply.  MARC  also  in- 
cludes these  elements,  and  In  addition,  a curved  shell  element.  The  curved 
shell  element  la  based  on  a Kolter-Sanders  formulation.  The  flat  plate  ele- 
ments use  a complete  Lagrangian  formulation  for  the  membrane  strains,  with 
the  bending  terms  treated  In  a small  dlsplacesMnt  sense:  moderately  small 
rotations  can  be  treated. 

DYPLAS  le  a recently  developed  program  with  plate,  shell  of  revolution, 
and  plans  slements.  Although  the  program  uses  a sst  of  corotatlonal  coor- 
dinates, It  also  Includes  the  second  order  terms  In  the  membrane  strain 
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relative  to  the  corotatlonal  coordinates.  The  strain  la  measured  by  an 
"Incremental"  Lagranglan  strain,  (see  (34)),  while  In  the  equations  of 
motion  the  Cauchy  stress  Is  used.  The  stress-strain  relations  Involve  an 
Increment  of  Klrchhoff  stress  and  the  "Incremental"  Lagranglan  strain. 

STAGS  has  been  under  development  for  several  years  and  It  Is  now  a 
highly  developed  program.  Its  shell  formulation  Is  very  similar  to  the 
Sanders  equations.  The  program  Is  applicable  to  arbitrary  shell  geometries, 
although  the  original  surface  must  be  described  by  a mathematical  expression. 
The  program  has  provisions  for  external  storage  access,  so  problem  size 
limitations  are  almost  entirely  based  on  running  time. 

The  program  Includes  both  explicit  and  Implicit  temporal  Integration; 
the  latter  Is  done  by  a stlf fly-stable  method  of  the  Gear-Jensen  type.  Elastic 
plastic  materials  are  treated  by  a sublayer  (Whlte-Bessellng)  model.  An 
Interesting  feature  of  this  program  Is  the  Inclusion  of  a rod  finite  element 
which  Is  linked  to  the  shell  finite  difference  formulation. 

PETROS  Is  another  powerful  finite  difference,  arbitrary  shell  program 
which  uses  an  approach  quite  different  from  STAGS.  In  PETROS,  the  strain- 
displacement  equations  are  developed  from  relations  for  the  strain  In  terms 
of  the  current  and  original  geometry.  The  strains  are  computed  Incrementally 
and  the  program  Is  applicable  to  arbitrarily  large  rotations. 

Uhereas  STAGS  is  oriented  primarily  toward  nonlinear  stability  problems, 
PETROS  Is  oriented  toward  problems  with  very  large  deflections  and  elastic- 
plastic  behavior.  The  elastic-plastic  law  Is  a sublayer  (Whlte-Bessellng) 
type,  and  uses  a piecewise  linear  plastic  modulus;  as  la  customary,  the  law 
Is  a straightforward  extrapolation  of  a small  strain  law. 

Temporal  Integration  is  by  a central  difference,  explicit  procedure; 
precise  stability  limits  are  not  available,  but  an  energy  balance  check  Is 
made  in  PETROS  3. 

A third  finite  difference  program,  which  Is  similar  to  PETROS,  Is 
REPS1L  [35],  Its  shell  equations  are  of  a simpler  form,  and  It  Includes  a 
damping  option  to  obtain  static  configurations.  Otherwise,  the  specifica- 
tions of  PETROS  apply  to  REPSIL. 

WHAM  Includes  both  beam  and  flat-plate  elements;  the  latter  can  be  used 
to  represent  arbitrary  shells.  Rigid  bodies  and  linkages  are  also  included. 

The  orientation  of  nodes  in  three-dimensional  apace  Is  described  by  unit 
vectors  and  a corotatlonal  formulation  Is  used  for  the  elements,  so  the  pro- 
gram Is  applicable  to  arbitrarily  large  rotations.  Elastic-plastic  materials 
with  Isotropic  strain  hardening  may  be  treated.  Only  explicit  Integration 
is  presently  available;  time  steps  are  not  computed  Internally  but  energy 
balance  checks  are  made. 
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1 ANSYS: 


2 DYPLAS : 


3 HEMP: 


6 HONDO: 


5 MARC: 
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6 NONSAP: 


7 PETROS: 


APPENDIX 


Program  Sources 

CDC  DYBERNET  System  ot 
Dr.  John  A.  Swanson 
Swanson  Analysis  Incorporated 
870  Piie  View  Drive 
Elizabeth,  Pennsylvania  1S037 
Documentation:  Ref.  [36) 

Cost:  Royalty  surcharge  on  computer  time  or  negotiable 
Dr.  Z.  Zudans 

Franklin  Institute  Research  Laboratories 
Benjamin  Franklin  Parkway 
Philadelphia,  Pennsylvania  19103 

Dr.  Mark  Wilkins 

Lawrence  Livermore  Laboratories 

P.0.  Box  808 

Livermore,  California  94550 

Argonne  Code  Center 
Argonne  National  Laboratory 
9700  South  Cass  Avenue 
Argonne,  Illinois  60439 
Documentation:  Ref.  [37] 

Coat:  available  to  ERDA  contractors  and  others  who  have 
arrangements  with  the  Center 

CDC  CYBERNET  System  or 
Dr.  Pedro  Marcal 

MARC  Analysis  Research  Corporation 
105  Medway  Street 
Providence,  Rhode  Island  02906 
Documentation:  Ref.  [38] 

NISEE 

729  Davis  Hall 
University  of  California 
Berkeley,  California 
Documentation:  Ref.  [39] 

Cost:  $200.00 

N.J.  Hufflngton,  Jr. 

U.S.  Army  Ballistics  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland  21005 
Cost:  Government  users 


8 PISCES:  CDC  CYBERNET  System 


9 SABOR/  Dr.  Stanley  Klein 

DRASTIC  Philco-Ford  Corporation 

Ford  Head 

Newport  Beach,  California  92663 
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Fracture  and  fragmentation  may  occur  under  shock  loading  caused  by  impact,  air 
shock,  deposition  of  Intense  thermal  radiation,  or  the  detonation  of  explo- 
sives. Simulation  of  such  processes  requires  a wave  propagation  computer  pro- 
gram (except  for  very  simple  problems)  and  criteria  for  the  occurrence  of 
fracture  and  fragmentation  under  shock  conditions.  This  chapter  outlines  such 
damage  criteria,  describes  means  for  selecting  an  appropriate  criterion,  and 
indicates  how  to  Implement  the  criteria  in  wave  propagation  codes.  Several 
popular  one-  and  two-dimensional  wave  propagation  codes  that  may  Include  these 
criteria  are  listed  at  the  end  of  the  chapter.  No  review  1b  given  here  of 
these  codes;  rather  the  emphasis  is  on  the  fracture  sodels  that  represent  one 
small  feature  of  such  codes. 

To  provide  a common  basis  for  considering  damage  criteria,  some  experi- 
mental data  are  presented  to  illustrate  damage  phenomena.  Figure  1 Is  a croBB 
section  of  an  aluminum  target  plate  (0.635  cm  thick)  that  has  undergone  a 
planar  impact  at  154.2  m/sec  by  another  aluminum  plate  (0.236  cm  thick). 
Following  the  compression  waves  resulting  from  the  impact,  rarefaction  waves 
have  intersected  near  the  middle  of  the  target  plate  to  cause  damage  in  the 
form  of  nearly  spherical  voids.  The  damage  is  spread  over  a significant  por- 
tion of  the  target  plate  (about  two-thirds  of  the  plate  thickness  appears  In 
the  section  of  Fig.  1),  but  the  heaviest  damage  Is  In  a narrow  zone.  Both  the 
number  and  size  of  voids  decrease  with  distance  from  this  zone.  This  type  of 
damage  is  termed  ductile  fracture  because  of  the  high  ductility  (ability  to 
flow)  required  of  the  plate  material. 

An  example  of  brittle  fracture  is  shown  in  Fig.  2.  An  Armco  iron  target 
was  impacted  by  a flyer  plate,  which  was  tapered  on  the  back  to  provide  a vary- 
ing tensile  wave  duration  across  the  plate.  The  damage,  which  appears  as 
randomly  oriented  microcracks,  varies  in  proportion  to  the  tensile  wave  dura- 
tion. In  this  chapter,  the  damage  in  Fig.  2 Is  termed  "brittle,"  although  the 
crack  growth  Is  much  slower  than  elastic  crack  velocities,  indicating  consid- 
erable plastic  flow  at  crack  tips. 

When  cracks  coalesce,  fragmentation  occurs,  as  illustrated  In  Figs.  3 
and  4.  Figure  3 is  a cross  section  of  a 1.27  cm  diameter  target  of  Arkansas 
novacullte  (fine-grained  quartz)  encased  in  an  aluminum  box.  The  target  was 
Impacted  by  a 0.079-cm-thlck  luclte  plate  at  49.5  m/sec.  An  Identical  plate 
was  impacted  at  48.9  m/sec,  but  Instead  of  sectioning  It,  we  performed  a sieve 
analysis  on  the  fragments.  The  resulting  fragment  groups  are  shown  in  Fig.  4. 
All  the  fragments  are  bulky,  having  six  to  eight  major  surfaces.  By  comparing 
the  results  of  Figs.  3 and  4,  we  may  deduce  'hat  a family  of  cracks  of  various 
lengths  and  orientations  has  led  to  a fantll  f fragments  of  various  sizes. 

A sample  of  full  separation  is  shown  li  g.  5.  An  aluminum  target  Im- 
pacted by  a flat  plate  in  a configuration  si.  r to  that  In  Fig.  1 has  been 

damaged  to  the  extent  that  full  separation  oc.  red  near  the  center  of  the 
target.  This  full  separation  appears  as  a macrocrack  running  through  heavily 
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154.2  m/sec 


SECTIONING  PLANE 


(a)  IMPACT  CONFIGURATION  FOR  1145  ALUMINUM 
SPECIMEN  NO.  872 


(b)  SECTION  THROUGH  TARGET  SHOWING  DUCTILE 
FRACTURE  DAMAGE 


Fig.  1 Configuration  for  a flat  plate  impact  experiment  in  1145  aluminum 
and  obaerved  damage  on  a cross  section 

damaged  material.  Dvorak  [l]  has  pointed  out  that  brittle  fracture  in  poly- 
crystalline  material  also  occurs  by  the  coalescence  of  small  rolcrocracks  ahead 
of  the  obaerved  microcrack.  The  microcracks  cleave  individual  grains;  these 
small  cracks  widen  and  Join  to  form  the  main  crack. 

From  the  review  of  the  typical  fracture  cases  above  and  from  other  ob- 
servations, ve  have  deduced  the  following  general  features: 

• A range  of  damage  is  possible;  there  is  no  instantaneous  jump  from 
undamaged  to  fully  separated. 

• Damage  grows  as  a function  of  time  and  the  applied  stress.  Hence  a 
single  stress  or  strain  at  any  time  cannot  be  expected  to  characterize  the 
dynamic  fracture  process.  At  the  least  some  time-integral  quantity  (such  as 
impulse)  oust  be  used  to  represent  the  dynamic  strength. 

. As  the  damage  occurs,  the  stiffness  of  the  material  decreases;  hence, 
the  wave  propagation  character  changes.  If  the  developing  damage  is  not  per- 
mitted to  alter  the  wave  processes  in  a computational  procedure,  then  subse- 
quent stress  histories  and  damage  must  be  invalid. 

• Even  incipient  damage  levels  are  Important,  because,  while  the  voids 
or  cracks  are  difficult  to  observe,  they  may  seriously  weaken  a structure. 

While  the  foregoing  features  represent  experimental  observations  well 
enough,  it  may  be  possible  to  simplify  or  eliminate  some  of  these  features  for 
computational  purposes. 

In  the  remainder  of  the  chapter  several  computational  models  are  intro- 
duced. An  effort  la  made  to  indicate  under  what  circumstances  each  might  cor- 
rectly characterize  fracture.  First,  the  very  simplest  models  are  given  and 
later  more  complex  ones  that  more  nearly  represent  the  experimental  obser- 
vations , 
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Fig.  2 Configuration  of  a tapered  flyer  Impact  experiment  In  Armco  Iron 
(Shot  SI)  and  observed  damage  on  a cross  aectlon  of  the  target 


STATIC  CRITERIA 
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Under  static  conditions  it  la  often  assumed  that  fracture  occurs  when  a peak 
stress  Is  reached.  For  multidimensional  problesur,  the  peak  stress  may  be  re- 
placed by  an  effective  shear  stress  based  on  a Mlses,  Treaca,  or  Coulomb 
criterion.  Alternatively,  a critical  tensile  strain  or  nome  "effective" 
strain  criteria  may  be  used  also  undsr  wave  propagation  conditions. 

Recently,  Bertholf  (2]  used  the  critical  tensile  strees  criterion  In  the 
two-dimensional  wave-propagation  codes  TOODT  and  CSQ  to  determine  the  occur- 
rence of  spall  in  a target  Impacted  by  a hypervelocity  pellet.  The  critical 
stress  value  was  derived  from  plate  Impact  experiments  that  had  evidenced  full 
spall.  The  resulting  simulations  by  Bertholf  modeled  the  experimentally  ob- 
served spall  quite  well.  Cherry  (3)  implemented  a similar  criterion  In  the 
two-dimensional  code  TENSOR  to  study  the  collapse  of  the  overburden  above  an 
explosion  at  some  depth  In  the  earth.  In  Cherry's  case,  tensile  failure  In 
one  direction  did  not  alter  strength  In  the  orthogonal  directions.  Thus,  an 
anlaotropy  of  damage  was  permitted. 

Under  what  conditions  can  such  a simple  pssk  stress  criterion  be  used  with 
some  justification?  Probably  the  following  conditions  should  be  met: 

• The  experimental  data  on  which  the  criterion  Is  bassd  (tha  plats 
Impacts  In  Bertholf's  caaa)  should  exhibit  the  same  stress  levels,  durations, 
and  wave  shapea  as  those  in  the  problem  to  be  simulated. 
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Vj6 


ALUMINUM 
COVER  PLATE v 


LUCITE  . 


49,5  m/tec 


ALUMINUM  CASING 


RECESS  FOR 
ROCK  SPECIMEN 


0.079  cm  Hh  H h~  0.61  cm 

(a)  CONFIGURATION  FOR  IMPACT  EXPERIMENT 
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Fig.  3 Configuration  of  impact  experiment  and  resulting  damage  on  cross 
section  of  Arkansas  novaculite 

• Damage  should  occur  abruptly  - within  ths  rise  time  of  a wave,  for 
example. 

• Subsequent  stress  histories  snd  damage  are  not  of  Interest.  The 
second  and  third  conditions  both  deal  with  ths  waves  that  emanate  from  the 
region  where  damage  is  occurring.  Because  such  waves  are  not  treated  cor- 
rectly in  the  computations,  affects  froa  these  waves  cannot  be  Interpreted 
from  the  computer  results. 
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UNFRAGMENTED  PORTION 


RADII  GREATER  THAN  1000  mkrom 


^ 

RAOII  420  TO  1000  mkrom 


RADII  210  TO  420  mkrom 


RADII  140  TO  210  mkrom 


RADII  74  TO  140  mkrom 


RADII  10  TO  37  mkrom 


Fig.  4 Photomicrograph*  of  varioue  aired  fragment*  from  experiment  53 

Addition  of  a peak  atreaa  (or  other  atatic)  damage  criterion  to  a vave 
propagation  code  la  uaually  a email  talk.  Such  criteria  are  often  preaent 
already  in  the  codee.  If  an  laotroplc  fracture  criterion  la  uaed,  then  one 
new  conatant  la  required  for  each  material  and  one  indicator  for  each  cell  of 
the  material.  Following  the  atreaa  confutation  at  each  cycle  for  each  cell, 
the  three  principal  atreaaea  are  compared  with  the  criterion.  If  fracture 
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Fig.  5 Ductile  cracks,  (a)  Ductile  crack  propagation  by  void  coalescence, 
(b)  Tip  of  ductile  crack  shown  In  (a)  at  higher  magnification.  Material 
failure  by  void  coalescence  due  to  necking  of  the  regions  separating  the 
voids  Is  apparent  near  points  A 


occurs,  the  stresses  are  zeroed  and  the  added  indicator  Is  set.  Thereafter, 
the  stresses  are  computed  as  usual  but  they  are  zeroed  unless  they  are  compres- 
sive. For  an  anisotropic  criterion  such  as  Cherry's,  a tensile  strain  (or 
tensile  opening}  should  be  stored  for  each  principal  direction  for  each  cell. 
This  strain  quantity  can  be  used  both  as  an  Indicator  and  also  to  determine 
when  recompresaion  occurs . 


DYNAMIC-PASSIVE  CRITERIA 

Dynamic  fracture  criteria  account  explicitly  for  the  gradual  (time-dependent) 
growth  of  damage.  Passive  criteria  snnltor  the  development  of  damage  but  do 
not  modify  the  wave  propagation  calculations  to  account  for  this  damage. 

An  example  of  this  dynamic  type  of  criterion  la  the  one  Introduced  by 
Tuler  and  lutcher  [A],  They  represented  the  damage  K by  a time  integral  of 
the  tensile  stresa  a above  some  threshold  stress  0o. 


K - 


where  Integration  is  only  over  tisMs  when  o - o0  la  tensile.  Here  A la  an  ex- 
ponent, usually  about  1 or  2. 

The  critical  damage  level  Is  presumed  to  be  a material  constant  K^. 

This  critical  level  may  refer  to  full  separation,  incipient  damage,  or  any 
other  defined  level  (If  an  appropriately  quantitative  definition  of  damage 
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level  can  be  constructed).  This  model  requires  three  constants;  K<;r,  X,  and 
o 0 • With  the  parameter  X set  to  1,  Eq.  1 Is  an  Impulse  criterion;  at  2,  it 
is  an  energy  criterion.  When  Eq.  1 is  used  to  fit  experimental  data,  X gen- 
erally has  a non-integral  value,  and  Kcr  has  very  odd  units. 

Dynamic  experiments  must  be  performed  to  obtain  the  three  material  con- 
stants for  the  Tuler-Butcher  model.  The  experiments  should  span  the  stresses 
and  durations  expected  in  the  calculations.  A typical  set  of  experiments 
might  produce  the  results  in  Fig.  6.  In  this  figure,  the  well-chosen  data 
points  Just  span  the  amount  of  damage  Kcr  that  is  of  interest.  Usually  there 
will  be  more  experimental  points  just  below  the  damage  threshold;  these  aid 
in  determining  o0.  With  such  a set  of  data,  we  can  determine  the  three  con- 
stants by  trial.  Note  that  both  duration  and  stress  level  must  be  varied  In 
the  experiments  to  provide  a basis  for  the  determination. 


THICKNESS 


Fig.  6 Fracture  data  from  a series  of  flat  plate  Impacts  to  obtain  the  dam- 
age criterion  for  the  Tuler-Butcher  model 
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The  Tuler-Butcher  criterion  may  be  readily  inserted  into  finite  dif- 
ference wave  propagation  codes  of  the  Lagrangian  type.  (The  code  should  have 
Lagranglan  features  so  that  the  computed  damage  quantity  K follows  a partic- 
ular material  particle.)  For  each  cell  the  quantity  K is  stored,  in  addi- 
tion to  the  three  constants  for  each  material.  The  criterion  was  designed 
for  one-dimensional  Impact  problems:  if  a three-dimensional  problem  such 

as  Cherry's  were  considered,  the  criterion  could  be  extended  to  three  K 
values  at  each  cell,  one  for  each  principal  direction.  The  criterion  is  in- 
serted immediately  following  the  stress  calculation.  TVo  computations  are 
needed.  First  compute  K for  the  Jfb  cell 


K(J)  - K(J)  + 


where  (oo  9-  oj)/2  is  the  average  stress  in  the  time  lntervsl  At.  Then  com- 
pare K(J)  with  Kcr.  If  K(J)  exceeds  Kcr>  the  program  may  be  halted,  a mess- 
age may  be  printed,  or  the  stresses  may  be  zeroed  to  show  that  the  jth  cell 
has  spalled. 

The  Tuler-Butcher  criterion  has  several  advantages  over  the  simpler  peak 
stress  criteria.  The  Integral  represents  more  realistically  the  time- 
dependent  growth  of  observed  damage.  Because  the  criterion  is  not  so  criti- 
cally dependent  on  a peak  streas,  larger  finite  difference  cells  may  be  used 
and  still  accurately  determine  the  criterion.  Such  a time-integral  criterion 
is  appropriate  for  extending  fracture  data  obtained  with  a nearly  square 


570 


■WMK'A  4\»  UHH.4IION  COIUPUIKK  PHOHH4VS 


pulse  shape  to  more  general  pulse  shapes  such  as  sinusoidal  or  multiple. 

This  criterion  has  the  disadvantage  of  requiring  several  well-designed 
experiments  plus  computer  simulations  of  the  experiments.  Because  there  is 
no  physical  model  from  which  X and  Kcr  can  be  obtained,  "reasonable"  values 
cannot  be  selected  Intuitively  without  such  experimental  data.  Another  dis- 
advantage is  that  the  developing  damage  does  not  have  an  effect  on  the  wove 
propagation  processes;  hence,  subsequent  stress  histories  and  computer  damage 
must  be  invalid. 


DYNAMIC-ACTIVE  CRITERIA 

The  dynamic-active  criteria  follow  the  gradual  development  of  damage  during 
the  wave-propagation  process  and  permit  the  damage  to  alter  that  process. 
Arbitrary  levels  of  damage  may  be  treated  by  these  methods:  an  initial 

designation  of  a damage  level  such  as  full  spall  is  not  necessary. 

Two  approaches  have  been  attempted:  The  first  is  a macroscopic  ap- 

proach developed  by  Wilkins  [5J  and  his  coworkers.  The  second,  in  which 
microscopic  flaws  are  treated,  was  developed  at  SRI  and  is  discussed  in  a 
later  section. 

In  the  macroscopic  approach  of  Wilkins  the  usual  stress-strain  rela- 
tions are  used  for  each  cell  until  a critical  plastic  strain  is  reached. 

Then  a single  crack  is  permitted  to  grow  across  the  cell.  This  growth  occurs 
at  a prescribed  velocity  and  in  a direction  governed  by  the  orientation  of 
the  applied  tensile  stresses.  As  the  cracks  grow,  the  cell  weakens,  reach- 
ing zero  strength  as  the  crack  severes  the  cell.  As  a cell  breaks,  nearby 
cells  must  take  up  the  load.  They  may  also  begin  to  crack  and  so  the  crack 
appears  to  extend.  Because  the  direction  of  crsck  growth  is  arbitrary,  both 
within  a cell  and  from  cell  to  cell,  fairly  complex  and  realistic  cracking 
patterns  may  be  treated.  The  two  principal  material  constants — critical 
plastic  strain  for  crack  initiation  and  the  growth  velocity — are  derived  from 
experiments  with  notched  specimens.  These  tests  are  simulated  with  two- 
dimensional  wave  propagation  code  with  trial  material  constants  until  the  ex- 
perimental results  are  satisfactorily  represented  by  the  computed  results. 

The  main  advantage  of  this  macrocrack  approach  is  that  the  large,  ob- 
served cracks  are  treated  directly.  In  addition  these  cracks  may  wander 
across  the  computational  grid;  neither  presence  nor  trajectory  needs  to  be 
known  in  advance.  The  stress-strain  relations  for  a damaged  cell  are  aniso- 
tropic, thus  tending  to  direct  the  growth  of  the  crack.  Another  advantage  of 
the  model  is  that  material  constants  have  a clear  physical  meaning. 

This  model  has  several  significant  drawbacks.  The  coding  is  much  more 
complex  than  for  the  earlier  models  considered.  Variables  must  be  stored  to 
define  the  orientstion  and  length  of  the  crack  in  each  cell,  plus  the  accu- 
mulated plastic  strain.  The  anisotropic  stress-strain  relation  must  be  de- 
veloped and  used.  In  addition,  the  material  constants  are  derived  from  a 
combination  of  notch  test  experiments  and  multiple  simulation  calculations; 
these  two-dimensional  calculations  tend  to  be  lengthy  and  expensive. 


MJCLEATION  AND  GROWTH  MODELS 

The  nulceation-and-growth  (NAG)  models  developed  at  SRI  [6]  and  studied  by 
Kreer  [7]  and  by  Stevens,  Davison,  and  Warren  [8]  deal  with'  the  nucleation  of 
microscopic  flaws,  their  growth  and  coalescence,  and  the  formation  of  frag- 
ments. Two  models  have  been  constructed:  one  for  ductile  and  one  for  brittle 

fracture.  Nucleation  may  occur  physically  by  widening  of  Inherent  flaws  in 
the  material,  cracking  of  hard  inclusions,  separating  along  grain  boundaries, 
or  by  other  mechanisms.  In  the  models,  however,  nucleation  means  the  appear- 
ance of  the  void  or  crack  at  an  observable  and  easily  identifiable  size  on 
photomicrographs  at  a scale  of  about  100X.  This  nucleation  occurs  in  the 
model  as  a function  of  stress  and  stress  duration.  Following  nucleation,  the 
voids  or  cracks  grow  at  a rate  that  is  dependent  on  the  stress  level,  dura- 
tion of  loading,  and  the  size  of  the  void  or  crack.  The  models  also  account 


IHACTVHt.  AM)  A RAG  MEN  TATIOS 


571 

for  the  stress  reduction  that  accompanies  the  development  of  damage.  When 
the  number  and  size  of  cracks  meet  a coalescence  criterion  In  the  brittle 
model,  the  cracks  begin  to  join  and  form  Isolated  fragments.  With  continued 
loading,  all  the  material  forms  fragments  and  complete  separation  may  occur. 

The  computational  models  of  ductile  and  brittle  fracture  are  Implemented 
In  subroutines  that  may  readily  be  inserted  into  one-  and  two-dimensional 
Lagranglan  wave  propagation  computer  codes.  While  the  material  is  undergoing 
fracture,  these  subroutines  are  called  instead  of  the  usual  equation-of-state 
subroutines. 

Basic  to  the  development  of  the  NAG  models  is  the  quantitative  deter- 
mination of  the  damage  observed  on  cross  sections  of  Impacted  samples.  In 
ductile  fracture,  the  damage  occurs  as  nearly  spherical  voids  (as  shown  in 
Figs.  1 and  5),  which  grow  by  a viscous  growth  lav.  In  brittle  fracture,  the 
flaws  are  cracks,  like  those  In  Fig.  2.  Both  ductile  and  brittle  fracture 
are  treated  In  the  NAG  method,  but  only  the  brittle  version  (the  more  complex 
case)  is  discussed  here. 

The  brittle  fracture  damage  la  usually  derived  from  experiments  like 
that  shown  in  Fig.  1 in  which  a thin  flyer  plate  is  propelled  against  a 
thicker  target  plate.  Then  the  target  is  sectioned  ss  shown  in  the  inset  in 
Fig.  7,  and  the  length,  orientation,  and  distance  from  the  impact  plane  of 
all  cracks  sre  measured.  For  convenience  in  organizing  the  dsta,  zones  may 
be  marked  off  on  the  cross  section  as  shown  in  Fig.  7.  In  the  uppermost 
zone  in  the  inset,  near  the  Impact  plane,  there  is  little  damage.  The  amount 
of  damage  increases  as  we  proceed  down  through  the  zones  until  a plane  of  maxi- 
mum damage  is  rsached  (zone  3 here) ; the  damage  then  decreases  as  we  continue 
to  the  rear  surface  of  the  target.  The  peak  tensile  stress  was  approximately 
the  same  throughout  the  region  of  damage,  but  the  duration  of  that  stress  var- 
ied In  approximately  the  same  way  as  the  damage,  having  a maximum  at  the  plane 
of  maximum  damage.  The  observed  cracks  In  each  zone  are  organized  into  groups 
according  to  size  Intervals  and  orientation  angle  intervals.  These  surface 
distributions  are  then  transformed  statistically  to  volumetric  distributions 
In  size  and  angle  by  a method  analogous  to  Schell's  [9].  The  transformation 
Is  handled  by  the  BABS2  computer  program  [lO],  In  this  transformation  it  Is 
assumed  that  the  cracks  are  penny-shaped  and  that  the  distribution  1b  axlsym- 
metrlc  around  the  direction  of  propagation.  A sample  set  of  volumetric  crack 
distributions  Is  shown  in  Fig.  7 for  the  zones  shown  in  the  InBet.  Here  the 
angular  variation  has  been  suppressed  so  the  ordinate  is  the  total  number  of 
cracks  larger  than  the  Indicated  radius.  Comparable  damage  appeared  in  zones 
2,  3,  and  4 from  the  top  but  lesser  damage  occurred  in  zones  above  and  below. 

These  crack  size  distributions  are  all  approximated  by  the  equation 

Ng(R)  - Nq  exp(-R/Rj)  (3) 

where  Ng  is  the  cumulative  number /cm3  of  cracks  vlth  radii  larger  than  R,  NQ  is 
the  total  number/co’ , and  R,  is  a distribution  shape  parameter. 

Nucleatlon  in  the  model  occurs  as  the  addition  of  new  cracks  to  the  exist- 
ing set.  These  new  cracks  are  presumed  to  occur  in  a range  of  sizes  with  a 
size  distribution  like  Eq.  (3).  At  nuclsation,  the  parameter  Rj  equals  R„,  the 
nucleatlon  size  parameter  (a  material  constant).  The  number  of  cracks  nucle- 
ated is  governed  by  a nucleatlon  rate  function: 


Nq  exp 


(4) 


f. 


where  NQ,  ono,  and  Oj  are  fracture  parameters  and  0 . is  stress  normal  to  the 
plane  01  the  cracks.  ** 

The  growth  lav,  derived  from  experimental  data  on  both  ductile  and  brittle 
fracture,  is  [6,  11J: 


dR 

dt 
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With  nucleatlon,  growth)  and  streas-atraln  relations  available,  model  cal- 
culations may  be  conducted  to  simulate  damage  data  such  as  that  In  Fig.  7. 
First,  estimates  are  made  of  the  six  nucleatlon  and  growth  parameters.  These 
estimates  are  made  from  computed  peak  stress  and  duration  In  the  experiment 
(from  a no-damage  calculation)  and  from  the  observed  damage:  the  method  is 

given  in  Ref.  [l2].  Then  simulation  calculations  are  begun.  The  parameters 
are  varied  and  simulations  are  repeated  until  the  damage  data  are  satisfacto- 
rily reproduced. 

The  fragmentation  process  envisioned  in  the  model  under  discussion  here  is 
a natural  extension  of  the  fracture  process.  The  fracture  process  is  presumed 
to  occur  until  some  point  at  which  interaction  of  the  cracks  ■'ecomes  signifi- 
cant and  coalescence  begins.  At  this  point  the  gross  stress  on  the  cross  sec- 
tion is  still  approximately  equal  to  the  stress  in  the  solid  material.  The 
growth  and  nucleatlon  processes  are  presumed  to  continue  beyond  the  beginning 
of  coalescence.  Eventually,  Isolated  fragments  will  occur  within  the  solid 
material  as  shown  in  Fig.  8.  As  these  fragments  separate,  they  form  voidB  that 
cannot  support  the  applied  stress.  To  maintain  the  external  tensile  stress, 
the  stress  in  the  remaining  solid  material  must  increase.  The  Increased  stress 
in  the  solid  will  lead  to  more  growth  and  nucleatlon  of  cracks;  hence,  the  fi- 
nal stages  before  complete  fragmentation  are  cataclysmic  and  will  tend  to  con- 
tinue with  very  little  outside  encouragement.  This  crescendo  of  damage  that 
occurs  in  the  isodel  just  preceding  full  separation  fs  probably  very  similar  to 
the  damage  that  actually  occurs.  This  process  will  tend  to  emphasize  damage 
in  a few  regions  while  allowing  adjacent  regions  to  be  only  slightly  fractured. 
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PARTIAL  FRAGMENTATION 


Fig.  8 Schematic  depiction  of  the  fragment  formation  process 

A relationship  between  the  fragment  sizes  and  the  numbers  and  sizes  of  the 
preceding  cracks  is  required  to  model  the  fragmentation  process.  From  our  ob- 
servations in  both  rock  and  metals  it  appears  that  the  fragments  are  typically 
chunky  objects  with  an  average  of  six  to  eight  aides,  each  side  probably  being 
produced  by  one  crack.  Thus,  for  large  fragments,  the  crack  radius  may  approx- 
imate the  fragment  radius  and  the  number  of  fragments  may  be  one-third  to  one- 
fourth  the  number  of  cracks. 

Both  the  ductile  and  brittle  fracture  models  have  been  inserted  into  one- 
and  two-dimensional  wave  propagation  computer  programs  at  Stanford  Rerearch 
Institute.  The  subroutines  containing  these  models  (OFRACT  and  BFRACT)  act  as 
equation-of-atate  routines.  Such  routines  are  provided  the  strain  and  must 
compute  the  stresses,  DFRACT  and  BFRACT  compute  stress  but  also  compute  the 
current  damage.  In  the  wave  propagation  calculations,  the  usual  equatlon-of- 
state  routine  is  called  until  damage  begins.  Thereafter,  the  appropriate  frac- 
ture routine  is  called.  At  any  time  in  the  calculation  a complete  listing  of 
the  fracture  damage  present  in  a cell  may  be  obtained. 
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Because  of  the  complexity  of  the  NAG  calculations,  It  Is  suggested  that 
the  subroutines  be  obtained  from  the  originator  at  Stanford  Research  Institute 
for  Incorporation. 

The  main  advantage  of  the  NAG  approach  la  that  damage  Is  obtained  In  such 
detail  that  precise  comparisons  with  observed  damage  can  be  made.  Residual 
strength  properties  can  be  assessed  from  the  computed  damage.  The  stress- 
strain  relations  are  modified  to  account  for  developing  damage  so  that  sub- 
sequent waves  are  handled  with  some  accuracy.  The  NAG  computations  are  In- 
dependent of  stress  pulse  shape  and  source:  thus  the  same  parameters  describe 

fracture  under  plate  Impact,  explosive  losdlng,  or  sudden  radiant  heating, 

The  NAG  approach  also  has  the  advantage  that  there  Is  more  material  Informa- 
tion Involved  In  it  and  hence  it  Is  more  likely  to  represent  reality.  Some  of 
che  parameters  are  estimable  from  static  fracture  data,  some  from  shock  front 
thickness,  others  from  microscopic  observation;  hence,  the  parameters  appear 
to  have  physical  significance. 

The  increased  memory  required  for  the  fracture  quantities  and  the  In- 
creased computer  time  are  the  main  drawbacks  of  the  NAG  models.  The  fracture 
parameters  must  be  derived  from  several  plate  impact  experiments  plus  a series 
of  one-dlmenslonal  simulation  calculations. 


AVAILABLE  PROGRAMS 

A great  variety  of  wave  propagation  computer  codes  are  available.  One- 
dlmenslonal  codes  are  Lagranglan  and  are  based  on  the  leapfrog  and  artificial 
viscosity  method.  Versions  of  the  code  termed  PUFF  have  been  developed  at  Air 
Force  Weapons  Laboratory,  Albuquerque,  New  Mexico  [13];  Kaman  Sciences,  Colo- 
rado Springs,  Colorado  [14];  AVCO  Corporation,  Wilmington,  Mass.  [ IS  ] ; and  SRI, 
Menlo  Park,  California  (16].  WONDY  [17]  waB  written  at  Sandla  Laboratories, 
Albuquerque,  New  Mexico.  RIP  [8]  is  a similar  code  written  at  Systems,  Science 
and  Software,  La  Jolla,  California. 

A few  of  the  two-dimensional  codes  are  HEMP  [ 19 ] from  Lawrence  Livermore 
Laboratory,  Livermore,  California,  TOODY  [20]  and  CSQ  from  Sandla  Laboratories, 
Albuquerque,  and  HELP  [2l]  from  Systems,  Science  and  Software,  La  Jolla,  Cali- 
fornia. HEMP  and  TOODY  are  Lagranglan  while  CSQ  is  Eulerlan.  HELP  is  Eulerian 
with  Lagranglan  tracer  particles. 

All  the  foregoing  programs  are  written  In  FORTRAN  and  are  generally  run- 
ning on  CDC  machines.  Conversion  to  machines  with  similar  word  length  (60  bit) 
and  core  size  (64,000  words  or  larger)  Is  usually  not  difficult,  but  extensive 
changes  are  needed  to  use  shorter  words  or  a small  core.  Costs  for  a single 
computation  are  typically  $10  to  $100  for  one-dlmenslonal  problems  and  $100  to 
$1,000  for  two-dimensional.  These  costs  depend  largely  on  the  nature  of  the 
problem  and  on  variables  under  the  control  of  the  user,  not  on  the  particular 
code  selected.  Currently  the  best  documented  codes  are  RIP,  WONDY,  and  TOODY. 

NAG  fracture  and  fragmentation  models  are  currently  available  in  SRI  PUFF. 
Simpler  fracture  models  are  present  In  all  the  codes.  Wilkins'  model  has  been 
used  with  HEMP  but  Is  not  yet  documented.  NAG  has  been  Inserted  Into  HEMP  and 
TOODY  at  several  institutions,  but  Is  not  a standard  part  of  any  two- 
dimerislonal  code. 

Sources  for  obtaining  the  computer  programs  discussed  in  this  chapter  are 
provided  in  the  Appendix. 


PROJECTIONS 

Fracture  and  fragmentation  capabilities  have  Improved  greatly  in  the  last  ten 
years,  and  similar  Improvements  can  be  expected  In  the  future.  Future  work 
should  provide  more  detailed  and  accurate  fracture  Information.  Currently  lose 
than  a dozen  materials  have  been  well-characterized  for  fracture.  It  Is  ex- 
pected that  a large  number  of  materials  will  be  tested  and  characterized.-  Pos- 
sibly some  guidelines  will  be  derived  for  estimating  fracture  parameters  from 
usual  engineering  data. 
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Fjture  fracture  models  will  probably  be  readily  separable  from  the  rest  of 
the  wave  propagation  program.  Then  they  can  be  easily  added  to  whichever  code 
Is  appropriate  for  the  problem  at  hand.  The  models  will  also  be  extended  to 
three-dimensional  codes. 
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APPENDIX 


SOURCES  OF  COMPUTER  PROCRAMS 


PUFF  AV 


SRI  PUFF, 

DFRACT, 

BFRACT 


Richard  Scammon  and  David  Newlander  (DYV) 

Air  Force  Weapons  Laboratory 

Klrtland  Air  Force  Base,  New  Mexico  87117 

Ed  Walsh 

Kanan  Sciences 

Carden  of  the  Cods  Road 

Colorado  Springs,  Colorado  80907 

Will lam  Bade 

AVCO  Corporation 

201  Lowell  Street 

Wilmington,  Massachusetts  01887 

L.  Seaman 

Stanford  Research  Institute 
333  Ravenswood  Avenue 
Menlo  Park,  California  94025 

R.  J.  Lawrence,  Division  5162 
Sindla  Laboratories 
Alburquerque,  New  Mexico  87115 

Harold  E.  Read 

Systems,  Science  and  Software 

P.  0.  Box  1620 

La  Jolla,  California  92037 

Mark  Wilkins 

Lawrence  Livermore  Laboratory 
P.  0.  Box  808 

Livermore,  California  94550 

L.  D.  Bertholf,  Division  5162  or 
R.  K.  Byers,  Division  5166 
Sandla  Laboratories 
Albuquerque,  New  Mexico  87115 

Samuel  Thompson,  Division  5162 
Sandla  Laboratories 
Albuquerque,  New  Mexico  87115 

L.  J.  Hageman  and  J.  M.  Walsh 
Systems,  Science  and  Software 
P.  0.  Box  1620 
U Jolla,  California  92037 
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Eigenvalue  Extraction 


Robert  A.  Wilke  end  Junes  A.  Stricklin 
Texas  A A M University 


INTRODUCTION 

Thle  chapter  la  concerned  with  the  eigenvalue  and  eigenvector  extraction  rou- 
tines that  are  available  to  shock  and  vibration  analysts.  The  analyst  will 
be  most  often  concerned  with  the  calculation  of  eigenvalues  and  eigenvectors 
In  buckling  and  vibration  probleaa.  For  the  buckling  problem  the  lowest 
eigenvalue  la  needed,  whereas  for  vibration  problems  several  or  all  of  them 
may  be  required.  The  specific  number  required  will  depend  upon  the  problem 
and  the  type  of  analysis  being  performed.  The  problem  being  considered  and 
the  character  of  the  autrlcee  in  the  baalc  relations  will  be  factors  In  the 
particular  eigenvalue  solution  routine  that  is  used. 

I 

t 

EIGENVALUE  FORMS 

Buckling  and  vibration  problems  may  be  divided  into  four  categorlea  depend- 
ing upon  the  form  of  their  eigenvalue  relation. 

Moat  atructural  analyses  of  shock  and  vibration  problems  Involve  the  so- 
lution of  matrix  relations  of  the  fora: 


Aqx  + Bq  • Q (1) 


where  A,B  * real,  symmetric  matrices 

For  dynamic  analysis  lq.(l)  Is  written 


where  A - mass  matrix,  B - stiffness  matrix,  (|  • acceleration  vector, 
q ■ displacement  vector,  Q » loads  vector 

In  order  to  determine  the  natural  frequencies  and  modes  of  the  system 
the  free  vibration  case  la  considered  and  the  substitution  q • -uq  Is  made 
to  obtain  the  general  eigenvalue  problem: 


Ue  know  from  matrix  algebra  that  the  nontrivial  solution  to  this  expression 
Is  the  solution  to: 
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The  eigenvalues,  X,  give  the  natural  frequencies  of  the  system  and  the  eigen- 
vectors are  the  corresponding  vibrational  modes. 

X ■ 1/J 

<11  ■ natural  frequency 


The  corresponding  equation  for  linear  buckling  analysis  of  a structure  is 
given  by: 


(A  + XB)q  - 0 


(5) 


where 


A “ elastic  stiffness  matrix 
B * geometric  stiffness  matrix 
X • buckling  load  parameter  (eigenvalue) 
q • displacement  vector 

This  Is  also  an  eigenvalue  problem  of  the  same  form  as  equation  (3). 

The  matrices  A and  B In  both  cases  described  thus  far  are  reel,  symmetric, 
banded  matrices  [l].  A real  symmetric  matrix  has  rsal  eigenvalues  and  a full 
urthonormal  n-set  of  algenvectors  [2,3].  The  mass  and  stiffness  matrices  are 
of  the  some  band  width  when  the  consistent  mass  matrix  la  used.  The  lumped 
mass  matrix  la  a diagonal  matrix;  this  has  the  affect  of  making  a structure 
softer  and  reduces  the  magnitudes  of  tha  eigenvalues.  This  results  In  a loss 
In  accuracy  [4].  When  the  lisped  moss  matrix  Is  used  the  general  algenvslue 
problem  (A  - XB)q  • 0 quickly  reduces  to  the  standard  eigenvalue  problem 
(C  - XI)x  - 0.  The  mathematical  form  of  the  dynamic  problem  with  a consis- 
tent mass  matrix  la  identical  to  that  of  tha  buckling  problem  [5] ; therefore, 

In  the  discussion  of  the  routines  in  the  next  section  It  will  be  assumed , un- 
less otherwise  stated,  that  the  general  eigenvalue  problem  (A  - XB)q  • 0 is 
to  be  solved  with  B being  a consistent  mass  smtrlx. 

A second  form  of  the  structural  problem  la  that  of  a quadratic  matrix 
equation.  It  occurs  in  vibration  analysis  whan  the  mass  and  stiffness 
matrices  are  frequency  dependant  [B].  The  basic  eigenvalue  relation  la 

fc  - uZBo  - u4c]q  - 0 (6) 

K ■ stiffness  matrix  (sysmMtrlc,  positive  definite) 

B0  - static  lnartla  matrix  (symmetric,  positive  definite) 

C dynamic  correction  matrix  (symmetric,  positive  definite) 
u - natural  frequency 
q • displacement 


Tha  corresponding  buckling  aquation  is  present  when  the  sucond  order 
stiffness  terms  are  retained.  Tha  basic  relation  is: 


[Kj  + XK,  + X2K2]q  - 0 (7) 

KE  ■ elastic  stiffness  matrix 
Kj  - geometric  stiffness  matrix 
K2  * stiffness  matrix  embodying  Alii  order  effects 
X - buckling  load  parameter 
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Since  the  matrices  In  both  cases  are  symmetric  and  positive  definite  the 
eigenvalues  and  eigenvectors  will  be  real.  In  order  to  efficiently  solve  the 
quadratic  matrix  equation  the  matrices  must  be  rearranged  to  place  It  In  ei- 
ther general  eigenvalue  or  standard  eigenvalue  form.  This  rearrangement  will, 
depending  upon  the  problem,  change  the  handedness  and  sparsity  of  the  A and 
B matrices,  and  requires  that  much  care  be  taken  In  selecting  the  eigenvalue 
extraction  routine. 

A third  form  of  the  structural  equations  Includes  a matrix  that  may  not 
be  symmetric  and  may  not  be  positive  definite.  The  general  form  of  the  equa- 
tions Is 


Aq  + C4  + Bq  - 0 


(8) 


For  the  case 
trices  are  [8]: 


of  free  vibration  analysis  of  spinning  structures  the  ma- 


A ■ Inertia  matrix 

C • corlolis  matrix,  a function  of  the  angular  motion  0 
B “ KE  + ICj,  + Kg 

Kg  • elastic  stiffness  matrix  2 

Kg  ■ centrifugal  force  effects  matrix,  a function  of  fi‘ 
Kq  - geometric  stiffness  matrix,  a function  of  n? 


Matrices  A and  B are  aysawtrlc  and  positive  definite  (for  small  (1)  but  the 
corlolis  effects  matrix,  C,  la  skew-symmetric. 

The  vibration  of  damped  structures  Involves  the  following  matrix  defi- 
nitions [s]: 

A - mass  mstrlx 

B - stiffness  matrix 

C - viscous  damping  matrix  (symswtrlc) 

In  both  the  free  vibration  and  damped  vibration  cases  the  eigenvalue  problem 
defined  by  Eq.  (8)  Is  rssrrsnged  and  rswrltten  such  that  It  la  of  the  general 
eigenvalue  form.  The  solution  procedurs  then  should  retain  the  banded  form 
of  the  matrices. 

The  last  fora  to  be  considered  occurs  In  the  solution  of  flutter  problems. 
One  case  of  this  fora,  studied  by  Gupta  [39],  is  as  follows; 


[Kj  + Kj,  + 1A  - (wZ  + wga)M]q  - 0 


(9) 


Kg  “ elastic  stiffness  matrix 
Kq  * geometric  stiffness  matrix 
1 - dynamic  pressure  parsaeter 

A - aerodynamic  load  matrix 
w “ eigenvalue 
M • Inertia  matrix 
ga  • aerodynamic  damping  parameter 

This  case  la  of  particular  Interest  because  while  Kg , Kq,  and  M are  syasMtrlc, 
matrix  A Is  unsyaeetrlc,  which  causes  the  existence  of  complex  eigenvalues 
(t>0) . This  requires  that  additional  care  be  taken  in  the  selection  of  the 
eigenvalue  extraction  routine.  Many  of  the  routines  presented  In  this  paper 
will  compute  complex  eigenvalues  and,  further,  most  industrial  firms  have  in 
their  numerical  libraries  codes  that  solve  for  either  real  or  complex  eigen- 
values . 
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EIGENVALUE  SOLUTION  METHODS 

Shock  and  vibration  problems  with  relatively  full  matrices  (not  aparaaly 
populatad)  and  of  nail  alaa  (laaa  than  200-400  elements)  are  aaenabla  to 
aolutlon  by  uae  of  direct  method*  of  eigenvalue  extraction  euch  aa  thoae  of 
Glvana  and  Houaeholder . The  main  advantagaa  of  theaa  method*  are  that  they 
are  ln-core,  computational  time  la  laaa  than  for  Iterative  method* , all 
eigenvalue*  can  be  calculated  In  attending  order,  and  the  opportunity  for 
round-off  error  la  at  a minimum.  When  the  ayatem  alte  become*  large  the  pro- 
gram will  exceed  the  available  core  thua  limiting  the  alae  of  problem  that 
can  efficiently  be  aolved  by  a direct  method  [6]. 

When  the  matrlcea  are  aparaaly  populated  and  atrongly  banded  the  beat 
method  of  aolutlon  la  an  Iterative  method.  A major  proportion  of  eigenvalue 
technique*  are  Iterative;  therefor*,  the  choice  of  method  dapenda  upon  the 
problem  being  aolved,  program  availability,  and  uaer'a  preference.  There  la 
no  one  beat  routine  that  1*  applicable  to  all  problem*.  Factora  to  be  con- 
aldered  in  the  choice  of  eigenvalue  routine  are  problem  alae,  number  of  ei- 
genvalue* and  eigenvector*  dealred,  band  width  of  the  matrlcea,  conalatent 
maaa  matrix  or  lumped  maaa,  problem  type,  machine  predalon  and  atorage 
capability. 

The  computation  of  eigenvalue*  and  eigenvector*  of  the  general  form 
(A  - AB)x  - 0 may  taka  one  of  two  forma: 

a)  Operation*  are  carried  out  on  both  A and  B matrlcea  almultaneoualy. 
Thle  preaervea  the  form  of  the  matrlcea  and  allow*  the  exploitation  of  their 
banded,  aparae  population  characterlatlca. 

b)  The  problem  la  reduced  to  atandard  form  (C  - XI)x  - 0 through  matrix 
decompoaltlon  and  multiplication.  The  C matrix  beconea  full  and  the  apedal 
configuration  la  loet. 

The  choice  of  the  fora  to  be  uaed  la  dependent  upon  the  aolutlon  algo- 
rithm uaed,  the  aakaup  of  the  A and  B matrices,  and  whether  the  user  prefer* 
to  retain  the  characteristics  of  tha  matrices. 

Theorem*  of  matrix  analysis  show  that  two  real  symmetric  matrices  nay  be 
almultaneoualy  reduced  to  upper  triangular,  to  trldlagonal  form,  or  to  dia- 
gonal fora  without  altering  the  eigenvalues  [3,6].  Most  eigenvalue  extraction 
routines  reduce  the  matrices  to  upper  triangular  or  trldlagonal  then  apply 
one  or  more  of  the  following  algorithms  to  compute  the  eigenvalue*  and  eigen- 
vectors: Inverse  Iteration,  LR  Iteration,  QR  Iteration,  Rayleigh  Quotient 

Iteration,  and  Jacobi  Itaratlon.  Three  excellent  references  for  discussion 
of  algorithm  aelectlon  and  description  of  solution  techniques  are  tha  work* 
by  Wilkinson  [6],  Bath*  and  Wllaon  [7]  and  Cupta  [8]. 


EIGENVALUE  AND  EIGENVECTOR  EXTRACTION  ROUTINES 

The  eigenvalue  extraction  routines  known  by  the  authors  to  be  in  use  at  this 
time  are  presented  In  this  section.  Knowledge  of  the  existence  of  tha  rou- 
tine* and  their  ua*  was  gained  through  personal  experience,  an  extensive 
literature  search,  and  a survey  of  researchers,  program  authors,  and  program 
users.  Certain  standard  Information  is  given  for  each  program  along  with  a 
paragraph  of  special  comments. 


Engineering  ANalysl*  STStem  (ANSYS)  [9] 

Capability:  A general  purpose  finite  element  computer  program  that  contains 
eigenvalue  extraction  capability. 

Method:  Jacobi  iteration  with  Guyan  reduction  for  eigenvalue  and  eigenvector 
computation. 

Language : FORTRAN 

Hardware:  UN,  UNI  VAC,  CDC  and  Honeywell 
Working  tapes  required:  Disk  files  only 
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Developer:  J.  A.  Swanson 

Swanion  Analysis  Syataaa  Inc. 

870  Pine  View  Dr. 

Elizabeth,  PA  15037 

Availability:  Available  Iron  developer  with  the  coat  negotiable.  Users 

nanual  is  available. 

Consents:  Program  la  a complete  engineering  analysle  system.  (7  time  for  a 

complete  problem  of  order  «200  la  7 minutes  on  a CDC  6600. 


Eigenvalues  and  Eigenvector  of  a Complex  Matrix  (ALLMAT)  [10] 

Capability:  Computation  of  the  eigensyatem  of  the  atandard  eigenvalue  equa- 

tion directly  in  terma  of  complex  arithmetic. 

Method:  A general  (non-Hermltian)  complex  matrix  la  transformed  to  a Hes- 
senberg  form  then  the  elgenvaluea  are  determined  ualng  the  complex  QR 
method.  Eigenvectora  are  computed  ualng  Inverse  Iteration. 

Language : FORTRAN 

Hardware:  CDC,  IBM,  UNIVAC 

Developer:  G.  Pair 

Lewla  Reaearch  Center 
Cleveland,  OH  44135 

Availability:  Program  la  available  and  is  listed  In  the  users  manual,  [10]. 

Comments:  This  routine  computes  eigenvalues  of  the  standard  form  ao  the 

general  form  must  be  transformed  to  the  standard  linear  form  prior  to 
use  of  the  routine.  The  routine  la  as  general  aa  possible;  It  contains 
a perturbation  method  for  uaa  when  the  eigenvalues  are  either  degenerate 
or  nearly  of  equal  value.  It  also  provides  error  and  convergence  In- 
formation. 


Eigenvalue  Routine  for  Symmetric  Bend  Matrices  (BANEIG)  [ll] 

Capability:  Determination  of  selected  number  of  elgenvaluea  and  eigenvectors 

of  real,  banded  matrices  with  the  smallest  values  determined  flrat. 

Method:  Rayleigh  quotient  Iteration  and  Inverse  power  Iteration  to  find  the 
first  eigenvalue  and  eigenvector.  Matrix  deflation  and  spectral  shift 
before  repeating  iterations  to  find  succeeding  values. 

Language:  FORTRAN 

Hardware:  CDC 

Developer:  C.  A.  Felippa 

University  of  California  at  Berkeley 
Berkeley,  CA  94700 

Availability:  Program  available  from  developer  or  COSMIC.  Users  manual  Is 
available,  [11]. 

CoMents:  Program  lw  moat  economical  when  matrices  A and  B are  large. 


REAL  SYtMETRIC  MATRIX  EICENSYSTEM  SOLVER  (BIGMAT) 

Capability:  Determination  of  eigenvalues  and  alganvectore  of  real  symmetric 
matrix. 

Method:  Matrix  la  reduced  to  trldlagonal  form  by  Given's  method.  The  eigen- 
values are  found  through  the  use  of  Sturm  sequences  and  tha  eigenvectors 
by  the  Wielandt  Inverse  power  method. 

Language:  FORTRAN 

Hardware:  IBM 

Developer:  M.  Elson  and  R.  E.  Funderlic 

Oak  Ridge  Central  Data  Processing  Facility 
Oak  Ridge,  TN  37830 
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Availability:  Program  available  from  developer. 

Comments:  Structural  general  eigenvalue  equation  must  be  transformed  to 

standard  form  prior  to  use  of  this  routine. 


CXLNESM  [12] 

Capsbllity:  Computation  of  eigenvalues  and  eigenvectors  of  the  general 

linear  eigenvalue  problem  vlth  complex  square  matrices,  one  of  which  Is 
Invertible. 

Method;  Eigenvalues  of  a general  (non-Hermltlan)  complex  matrix  using  complex 
QR  Iteration  and  computing  eigenvectors  using  Inverse  Iteration. 

Language : FORTRAN 

Hardware:  CDC,  IBM,  UNIVAC 

Developer:  D.  A.  Clgnac  and  Dr.  Y.  Liu 

Computation  and  Mathematics  Department 
Naval  Ship  Research  and  Development  Center 
Bethesda,  MD  20034 

Availability:  Program  Is  available  from  developer.  Users  manual  Is  avail- 

able, [12]. 

Comments:  Program  Is  an  extension  of  the  ALLMAT  routine  from  standard  eigen- 

value form  to  general  linear  eigenvalue  form. 


CXQDESM  [12] 

Capability:  Computation  of  eigenvalues  and  eigenvectors  of  the  quadratic 

elgensystem  problem  with  complex  square  matrices. 

Method:  Elgensystem  la  reduced  to  standard  (complex)  eigenvalue  form  then 

calculates  the  eigenvalues  and  eigenvectors  through  complex  QR  Iteration 
and  Inverse  Iteration. 

Language : FORTRAN 

Hardware:  CDC,  IBM,  UNIVAC 

Developer:  D.  A.  Clgnac  and  Dr.  Y.  Llu 

Computation  and  Mathematics  Department 
Naval  Ship  Research  and  Development  Center 
Bethesda,  MD  20034 

Availability:  Program  is  available  from  developer.  Users  manual  Is  avail- 
able, [12].  2 

Comments:  The  quadratic  eigenvalue  equation  (w  A + wB  + C)Z  • 0 used  In 

flutter  analysis  la  solved  when  A,  B and  C are  complex  matrices  and  ei- 
ther A or  C la  Invertible. 


Free  Vibration  Analysis  of  DAMPed  Structures  (DAMP)  [13] 

Capability:  Performs  free  vibration  analysis  of  spinning  and  non-splnnlng 

structures  with  or  without  damping  (viscous,  structural).  Program  com- 
putes the  desired  roots  and  vectors  without  computing  mors  than  those 
needed. 

Method:  The  desired  roots  are  Isolated  by  the  Sturm  sequence  method  then  are 

accurately  located  by  a special  inverse  iteration  schema.  Eigenvectors 
are  also  computed  through  the  Inverse  Iteration  method. 

Language : FORTRAN 

Hardware:  UNIVAC 

Developer:  K.  K,  Gupta 

M/S  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Dr. 

Pasadena,  CA  91103 
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AvalUbllity:  Program  is  available  (approx  1300  instructions)  from  COSMIC. 

Users  manual  available  [13]. 

Conments:  Program  determines  roots  lying  within  a specified  spectrum  for  the 

eigenvalue  problem  Aq  + cq  + Bq  » 0.  Input  matrices  are  the  mass  matrix 
A,  (complex)  stiffness  matrix  B,  and  viscous  damping  matrix  C.  Matrix 
bandedness  and  sparsity  are  exploited  to  effect  best  economy  In  core 
storage  and  computation  time.  This  program  Is  one  of  six  (DAMP,  EASI, 
QMES,  SPIN,  STURM,  SUPFLUT)  developed  by  Dr.  Gupta  to  solve  all  of  the 
forms  of  the  eigenvalue  problem  outlined  in  the  previous  section.  An 
out  of  core  version  is  presently  under  development. 


Dynamic-Transformation  Adapted  to  Modal  Synthesis  Using  Stiffness-coupling 

(DAMUS)  [ 14 ] 

Capability:  Program  Improves  the  computational  economy  for  the  vibration  an- 

alysis of  complex  structures  while  still  considering  substructure  modes. 

A dynamic  transformation  Is  used  to  reduce  the  mass  and  stiffness 
matrices.  The  reduced  eigenvalue  problem  is  solved  and  used  In  a new 
solution. 

Method:  Modal  synthesis  methods  are  used  to  determine  the  low  frequency 

modes. 

Limitations:  Total  number  of  modes  allowed  is  300  with  a maximum  eigenvalue 

size  of  100  and  200  co-ordinates  reduced  by  the  dynamic  transformation. 

Language : FORTRAN 

Hardware:  UNIVAC 

Working  tapes  required:  Twelve  (12)  with  the  number  used  at  any  time  variable 

but  never  all  twelve  simultaneously. 

Developer:  E.  J.  Kuhar,  Jr.,  and  C.  V.  Stable,  Jr. 

General  Electric  Company 
P.  0.  Box  8555 
Philadelphia,  PA  19101 
NASA  Technical  Monitor 

Dr.  J.  R.  Admire 

George  C.  Marshall  Space  Flight  Center 

Availability:  Program  is  available  from  COSMIC.  Users  manual  [14]  available 

from  NTIS  or  COSMIC. 

Coimnents:  The  program  begins  with  the  entry  of  substructure  mass  and  stiff- 

ness matrices.  The  elgenproblem  for  the  individual  substructure  is 
solved  and  the  substructures  are  coupled  together  by  coupling  springs. 

The  dynamic  transformation  is  used  to  reduce  the  size  of  the  elgenproblem. 
The  coupled  system  eigenvalues  and  eigenvectors  are  determined  and,  at 
the  users  option,  may  be  used  to  assess  the  eccuracy  of  the  results  and 
obtain  new  transformation.  Thle  may  be  repeated  or  a new  set  of  co- 
ordinates and  transformations  obtained  for  another  group  of  aodes. 


DANUTA  [15] 

Capability:  Complete  structural  analysis  capability  with  eigenvalue  extrac- 

tion routines  Imbedded  in  the  program. 

Method:  Structural  matrices  transformed  and  eigenvalues  and  eigenvectors  ex- 

tracted through  the  use  of  Householder’s  method. 

Language i FORTRAN 
Hardware:  IBM,  UNIVAC,  CDC 

Developer:  S.  Chacour 

Allis  Chalmers  Co. 

Box  712 

York,  PA  17405 
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Availability:  Program  ua.ge  la  marketed  In  the  U.S.  by  McDonnell  Douglae 

Automation  Co.,  Box  516,  St.  Louie,  MO  63166.  Uaera  manual  available 
with  program  uaage. 

Comment*:  Solution  time  for  complete  problem  of  order  216  on  a UNIVAC  1108, 

double  preclelon,  with  ell  eigenvalue*  and  20  eigenvector*  extracted 
required  48  minute*. 


DYNamlc  AnaLyel*  (STRUDL  DYNAL)  [16] 

Capability:  Program  la  a full  dynamic  itructural  analyal*  Including  harmonic 

analysis,  tranalent  analyal*,  and  ihock  (reiponae)  analyal*. 

Method:  Eigenvalue*  and  eigenvector*  are  calculated  through  the  use  of  Jacobi 
Iteration,  Sturm  aequence  property,  Householder  method,  QR  Iteration  and 
Wlelandt  Inverse  Iteration. 

language : FORTRAN 

Hardware:  IBM 

Developer:  McDonnell  Douglas  Automatlon/ECI  System* 

Box  516 

St.  Louis,  MO  63166 

Availability:  Program  and  users  manual  are  available  through  developer  for 

approximately  $27,000.  Program  license  Is  In  conjunction  with  STRUDL 
and  ICES  Executive. 

Conaents:  STRUDL  DYNAL  Is  baaed  on  the  modal  superposition  method  where  the 

reduced  co-ordinate*  are  mathematically  related  to  the  structural  fre- 
quencies and  modes  of  vibration.  The  eigenvalue  extraction  routine  con- 
tain* a special  orthogonalisatlon  feature  to  ensure  orthogonal  eigen- 
vector* when  close  or  equal  eigenvalue*  exist. 


Eigenvalue  Algorithm  baaed  on  Sturm  Sequence  and  Inverse  Iteration  (EASI)  [16] 

Capability:  Free  vibration  analysis  of  largs  structural  systems  using  finite 

element  method.  Computes  only  desired  roots  and  vectors. 

Method:  Desired  eigenvalues  are  Isolated  by  the  Sturm  sequence  method  then 
accurately  calculated  by  a special  Inverse  method.  Eigenvectors  are  also 
determined  by  the  Inverse  method. 

Language:  FORTRAN 

Hardware:  UNIVAC,  CDC 

Developer:  Mr.  K.  K.  Gupta 
M/S  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Dr. 

Pasadena,  CA  91103 

Availability:  Program  Is  available  (approximately  900  Instructions)  from 

COSMIC.  Users  manual  available,  [16]. 

Comments:  Program  efficiently  determines  ths  roots  lying  within  a specified 
spectrum  for  the  general  eigenvalue  problem.  Matrix  bandedness  and 
sparsity  are  exploited  to  effect  best  economy  of  storage  and  computation 
time.  An  out  of  core  version  Is  presently  under  development. 


General  Axlaymmetrlc  Stiffened  Shells  (BOSOR4-EBAND2)  [l 7] 

Capability:  Program  B0SOR4  performs  stress,  stability  and  vibration  analysis 
of  general  axlaymmetrlc,  stiffened,  elastic  shells  of  revolution. 

Routine  EBAND2  calculate*  the  eigenvalue*  snd  eigenvectors  for  ths  sta- 
bility and  vibration  analyses. 

Method:  Eigenvalues  and  eigenvectors  are  extracted  by  the  Inverse  iteration 
method  with  spectral  shifts. 
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Output:  Hindoo  iccm  high  speed  auxiliary  atoraga,  tapa  or  diak,  la  re- 

quired . 

Language:  FORTRAN 

Hardware:  IBM,  CDC,  UNI VAC 

Developer:  Frank  Brogan  (EBAND2) 

Dept.  52-33,  BLDG.  205 
Lockheed  Mlaallea  and  Space  Co. 

3251  Hanover  St. 

Palo  Alto,  CA  94304 

Availability:  Routine  EBAND2  la  labedded  In  BOSOR4  ao  la  available  Iron  de- 
veloper or  COSMIC  aa  part  of  the  entire  prograa.  Uaera  manual  available 
[17]. 

Consents:  B0S0R4  la  the  lateat  In  a aerlea  of  coaputer  programs  that  perfom 

atreaa,  stability  and  vibration  analyaea  of  segmented,  stiffened,  elastic 
sheila  of  revolution.  The  analysis  has  the  capability  of  treating 
branched  sheila,  variable  aeah  point  spacing  within  each  ahell  segaant 
and  reform, Ittdon  of  the  buckling  eigenvalue  problea  to  account  for  the 
pre-buckling  shape  change  of  the  shell  In  linear  uuckllng  analyses. 


Eigenvalues  and  Vectora  by  Iteration  (EIGIT3)  [18] 


Capability:  Calculation  of  frequenclaa  and  aoda  shapes  of  aultldegree  linear 

ays teas. 

Method:  Eigenvalues  and  algenvectors  calculated  by  lnvaraa  Iteration. 

Language : BASIC 

Developer:  W.  Heaver,  Jr. 

Stanford  University 
Stanford,  CA  94305 

Availability:  Prograa  and  user  Information  are  contained  In  [18], 

Constants : Recurrence  formulas  are  used  to  determine  the  dominant  eigenvalue 

and  corresponding  eigenvector.  Sweeping  matrices  ara  used  to  allalnate 
certain  modes . All  eigenvalues  and  eigenvectors  are  determined  In  the 
routine.  Lumped  mass  matrix  is  assumed  In  solution  of  the  standard 
eigenvalue  problea. 


Eigenvalues  of  the  Generalised  Eigenvalue  Problea  (EQZVEF)  [19,  20] 

Capability:  Calculate  the  eigenvalues  and  eigenvectors  of  the  general 
matrix  eigenvalue  problea. 

Method:  Input  matrices  A,  B are  transformed  to  upper  Heasanberg  and  upper 

triangular  form.  Than  matrix  A la  transformed  to  quasl-trlangular.  Fin- 
al1-/ the  eigenvalues  and  eigenvectors  srs  determined  through  the  use  of 
a modified  Moler-Stawart  algorithm. 

Language : FORTRAN 

Hardware:  IBM,  UNIVAC,  CDC 

Developer:  Int'l  Mathematics  and  Statistics  Library  (IMSL) 

6200  Hillcroft,  Suite  510 
Houston,  TX  77036 

Availability:  Program  and  users  manuals  are  available  from  developer. 

Comments:  Generalised  eigenvalue  problem  may  be  Input  In  real  or  complex 

form.  Output  Is  In  complex  form.  Program  does  not  exploit  matrix  band- 
edness or  sparsity  but  Is  efficient  In  operation. 


Frequency  and  Modes  of  Shells  of  Revolution  (FAMSOR)  [21] 

Capability:  Calculates  eigenvalues  and  eigenvectors  of  the  standard  eigen- 
value problea  for  stiffness  and  mass  of  a shell  of  revolution. 
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Method:  First  eigenvalue  and  eigenvector  are  determined  using  Inverse  power 

iteration.  Matrix  deflation  la  accomplished  and  succeeding  eigenvalues 
and  eigenvectors  are  calculated. 

Working  tapes  or  discs  required:  4 

Language : FORTRAN 

Hardware;  IBM 

Developer:  L.  B.  McWhorter  and  W.  E.  Halaler 

Aerospace  Engineering  Department 
Texas  AAM  University 
College  Station,  TX  77843 

Availability:  Program  and  users  manual  are  available  from  COSMIC  or  developer. 

Comments:  Program  convert*  the  Input  consistent  mass  matrix  to  a limped  mass 
matrix  and  solves  the  standard  eigenvalue  problem.  The  eigenvalue  ex- 
traction routine  is  baaed  upon  the  BANEIG  routine  written  by  C.  A.  Fellpa 
111]. 


FARSS 

Capability:  Static  and  dynamic  structural  analysis  of  solids  and  shells  of 

revolution  with  isotropic  or  aniaotrlpic  materials. 

Method:  Eigenvalues  and  eigenvector*  are  determined  through  the  use  of  the 
inverse  Iteration  with  reduced  subspace. 

Working  tapes  required:  1 (disc) 

Language:  FORTRAN 

Hardware:  UNI VAC,  CDC 

Developer:  M.  B.  Marlowe 

Lockheed  Missiles  and  Space  Co. 

Palo  Alto,  CA  94304 

Availability:  Program  and  users  manual  re  available  from  developer. 

Consents:  Program  will  analyse  bifurcatl.n  buckling  of  shells  with  linear 

axlsymmetrlc  prestress  and  modal  vibrations  with  no  prestress.  Cases  of 
viscous  damping,  structural  damping  and  linear  damping  may  be  considered. 
Mass  smtrlx  used  is  of  the  lusq>ed  mass  form. 


Free  Vibration  and  Stability  Analysis  of  Shells  of  Revolution  (KSHEL)  [22,  23] 

Capability:  Free  vibration  and  stability  analysis  of  shell  ■'t  revolution  sub- 

jected to  axiaysmetrlc  (program  KSKEL2)  or  nunaynaetrl^  (program  KSHEL3) 
pre-stress. 

Method:  Calculation  of  eigenvalue*  and  eigenvectors  in  KSHEL2  by  determinant 
search.  In  KSHEL3  calculation  is  by  Inverse  iteration. 

Language:  FORTRAN 

Hardware:  IBM,  UNIVAC,  CDC  and  any  computer  with  a FORTRAN  IV  cosq>ller. 

Developer:  A.  Kalnlns 

Mechanical  Engineering  Department 
Lehigh  University 
Bethleham,  FA  18000 

Availability:  Program  and  users  manual  are  available  from  developer  with  cost 
negotiable. 

Cosaaents:  Two  computer  codas  have  bean  written  - KSHEL2  and  KSHEL3.  Programs 

uae  a multisegment  itegration  method  to  analyse  the  shell*  of  revolution. 
The  static  and  axlsyaaietric  elgenvalua  routines  can  admit  discontinuities 
in  the  slope  of  the  meridian  and  permit  branches.  The  nonsymetrlc  rou- 
tine permits  neither. 


MARC  [24,  23) 

Capability:  General  purpose  finite  element  program  for  linear  and  nonlinear 


I 11,1  U 41  III  KX I K.4CI  ION 


5*9 


analysis  of  structures  and  soils.  Structural  analysis  capability 
Includes  rods,  beams,  membranes,  plates,  shells,  solid  30  and  crack 
tips. 

Methods  Eigenvalues  and  eigenvectors  determined  by  Inverse  iteration  and 
aubspace  iteration. 

Working  tapes  required:  Up  to  3 

Language  s FORTRAN 

Hardware : ISM , CDC 

Developer:  Pedro  V.  Marcal 

MARC  Analysis  Research  Corporation 
10S  Medway  St. 

Providence,  RI  02906 

Availability:  Program  is  not  for  sale.  Use  of  it  obtained  through  developer 

or  CDC  Data  Canters. 

Comments:  Program  has  capability  for  considering  plasticity,  large  deflec- 

tions, anisotropic  materials,  nonlinear  collapse  analysis  and  bifurcation 
with  linear  or  nonlinear  prestreas. 


MODES  [26] 

Capability:  Calculation  of  eigenvalues  and  eigenvectors  of  the  general  eigen- 

value problem. 

Method:  For  small  order  problems  the  matrices  are  treated  as  one  block.  For 

one  block  (NBLOCK-1)  eigenvalues  and  eigenvectors  are  calculated  by  de- 
terminant search.  For  large  order  systems  inverse  subspace  iteration  is 
employed  (NBL0CK>1) 

Working  tapes  required:  6 

Language:  FORTRAN 

Hardware:  CDC,  IBM,  UNIVAC,  CE,  TELEFUNKEN 

Developer:  K.  J.  Bathe 

Dept,  of  Mechanical  Engineering 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 

Availability:  Program  is  available  from  COSMIC.  Users  manual  and  program 

listing  is  [26]. 

Comments:  Program  Modee  is  used  in  NONSAP  and  SAP  IV  atructural  analysis  pro- 

grams and  la  one  of  a series  of  three  routines  written  by  Dr.  Bathe  to 
aolve  the  large  genstal  eigenvalue  problem.  The  subspace  iteration  al- 
gorithm uaaa  Raleigh  coefficient  shifts  and  secant  iteration  with  extra- 
polation. Mass  matrix  is  input  as  a diagonal  (Imped)  non-negative  defi- 
nite matrix. 


N ROOT-EIGEN  [27] 

Capability t Calculation  of  eigenvalues  and  eigenvectors  of  the  general  eigen- 
value problem, 
vi'  a:  Jacobi  iteration, 

i k -guage : FORTRAN 

Hardware:  IBM 

Developer:  IBM  Corporation 

Availability:  Program  is  available  from  IBM.  Users  manual  is  [27], 

Comments:  Two  routines,  NR00T  and  EICEN , ara  used  in  solution  of  ths  general 
eigenvalue  problem.  The  main  program  NROOT  transforms  the  general  eigen- 
value problem  to  standard  form  and  uses  routine  EICEN  to  compute  the 
eigenvalues  and  eigenvectors.  Input  matrices  must  be  real,  symmetric. 
Matrix  sparsity  and  bandedness  ara  not  exploited. 
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Quadratic  Matrix  Equation  Solver  (QMES)  [28] 

Capability)  Solution  of  the  quadratic  matrix  eigenvalue  problem. 

Method:  Inverae  Iteration  and  the  Sturm  sequence  property  are  used  to  find 

the  eigenvalues  and  eigenvectore  of  the  quadratic  problem.  The  dealred 
roots  are  first  Isolated  by  the  Sturm  sequence  method  then  accurately 
located  by  an  Interpolation  bisection  method. 

Language : FORTRAN 

Hardware:  UNIVAC 

Developer:  K.  K.  Gupta 
M/S  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grovs  Dr. 

Pasadena,  CA  91103 

Availability:  Program  la  available  (approximately  927  Instructions)  from 

00SMIC,  Users  manual  available  from  00 SKI C or  NTIS. 

Comments:  QMES  Is  an  efficient  routine  for  computation  of  the  dealred  roots 
and  associated  vectors  of  the  quadratic  matrix  equation 
(A  - w^B  - v'C)q-0;  A is  the  static  stiffness  matrix,  B Is  the  static 
mass  matrix  and  C is  the  dynamic  correction  matrix.  The  routine  exploits 
matrix  bandednesa  and  sparsity. 


A Lanceos  Algorithm  Subroutine  for  (A  - AB)X«0  (REDUCB1)  [29,  30] 

Capability:  Calculation  of  eigenvalues  and  elgsnvactors  of  tha  raal,  general 
eigenvalue  problem  form. 

Method:  General  eigenvalue  problem  la  reduced  to  standard  form  with  the 

matrix  becoming  trldlagonal.  Trldlagonallzatlon  Is  accomplished  through 
the  Lancxos  algorithm.  Eigenvalues  are  computed  by  tha  method  of  bi- 
section. Eigenvectors  are  computed  through  the  use  of  Inverse  Iteration. 

Language:  -FORTRAN 

Hardware : CDC 

Developer:  D.  A.  Glgnac 

Computation  and  Mathematics  Dept. 

Naval  Ship  Research  and  Development  Center 
Bethesda , MD  20034 

Availability:  Program  and  users  manual  available  from  Head,  Computation  and 

Mathematics  Dept.,  Naval  Ship  Rssearch  and  Davslopmant  Canter,  Bethssda, 

to. 

Comments:  REDUCB1  Is  a specialised  FORTRAN  version  of  RKDUCB  [30]  an  ALGOL 
procedure  written  by  Golub,  Underwood  and  Wilkinson.  REDUCB1  exploits 
the  property  of  matrix  bandedness  and  sparsity. 


Structural  Analysis  and  Matrix  Intsrpretlve  System  (SAMIS)  [31,  32] 

Capability:  Linear,  elastic,  transient  analysis  of  shell  structures. 
Method:  Eigenvalues  and  eigenvectors  are  computed  by  Jacobi  Iteration  and 
Sturm  sequence  method. 

Working  tapes  required:  2 
Language : FORTRAN 
Hardware:  CDC,  UNIVAC,  Cl 
Developer:  R.  J.  Melosh 

MARC  Analysis  Research  Corporation 
314  Court  House  Plasa 
260  Sheridan  Ave. 

Palo  Alto,  CA  94306 

Availability:  Program  and  users  manual  are  available  from  developer. 
Coaaents:  Eigenvalue  extraction  routine  Is  lmbsdded  in  the  complete  SAMIS 
program. 
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SECANT  [26] 

Capability:  Calculation  of  alganviluei  and  eigenvectors  of  the  large  general 

eigenvalue  problea. 

Method;  Calculation  of  eigenvalues  and  eigenvectors  through  the  use  of  de- 
terminant search,  Sturm  sequence  property,  and  Inverse  Iteration. 

Working  tapes  required;  1 

Language : FORTRAN 

hardware : CDC,  IBM,  IINIVAC,  CE,  TELE  FUNK  EN 

Developer;  K.  J.  Bathe 

Dept,  of  Mechanical  Engineering 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 

Availability:  Program  la  available  from  COSMIC.  Users  manual  and  program 

listing  Is  [26]. 

Comments:  Program  SECANT  la  used  In  NONSAP  and  IV  structural  analysis 

programs.  It  la  one  of  a aeries  of  three  routines  written  by  Dr.  Bathe. 
Mass  matrix  may  be  either  banded  positive  definite  or  diagonal  non- 
negative  definite. 


Spinning  Structures  Elgenproblea  Solver  (SESI)  [33] 

Capability:  Solution  of  the  eigenvalue  problem  Mq  + Cq  + Kq  • 0 for  free  vi- 

bration analysle  of  large  spinning  structures. 

Method:  The  desired  eigenvalues  era  first  isolated  by  the  Sturm  sequence  then 

accurately  computed  by  a special  Inverse  Iteration  method.  Eigenvectors 
are  found  by  the  same  inverse  Iteration  method. 

Language : FORTRAN 

Hardware:  UN I VAC 

Developer:  K.  K.  Gupta 

M/S  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Dr. 

Pasadena,  CA  91103 

Availability:  Program  (approximately  1100  Instructions)  and  users  manual  ars 

available  from  COSMIC.  Users  manual  and  program  listing  also  In  [33]. 

Cosssenta:  Input  matrices  are  M,  the  masr  matrix,  K,  the  stiffness  matrix  In- 

cluding geometric  and  centrifugal  affects  and  C,  the  corlolls  matrix. 
Program  fully  exploits  the  bandedneas  and  sparsity  of  ths  mass  and  stiff- 
ness matrices.  Only  the  desired  number  of  roots  ars  computed.  Program 
SESI  is  3 times  fastar  than  program  SPIN  (sea  following  program  descrip- 
tion) and  requires  slightly  mors  core  storage. 


Free  Vibration  analysis  of  SPINnlng  Structures  (SPIN)  [34] 


Capability:  Performs  fres  vibration  analysis  of  large  eplnning  structures 
through  solution  of  slgenproblsm  Mq  + C$  + Kq  - 0. 

Method:  Desired  roots  are  first  Isolated  by  the  Sturm  sequence  method  then 

accurately  determined  by  an  lntsrpolatlon/blsectlon  method.  Eigen- 
vectors ars  found  through  ths  lnverss  Iteration  method. 

Language : FORTRAN 

Hardware:  UNIVAC 
Developer:  K.  K.  Gupta 

M/8  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Dr. 

Pasadena,  CA  91103 

Availability:  Program  (approximately  700  Instructions)  and  users  manual 
available  from  C08KIC.  Users  manual  also  Included  In  [34]. 
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Consents:  Input  matrices  sre  the  mass  matrix  M,  stiffness  matrix  K and  Cori- 
olis matrix  C.  Program  enables  the  user  to  determine  only  desired  roots 
and  vectors  lying  within  the  prescribed  spectrin.  Matrix  handedness  and 
sparsity  are  exploited. 


S SPACE  [26] 

Capability:  Calculation  of  eigenvalues  and  eigenvectors  of  the  large  general 

eigenvalue  problem. 

Method:  Subspace  Iteration  with  Jacobi  Iteration  In  the  subspace  for  the 

eigenvalues. 

Working  tapes  required:  2 

Language : FORTRAN 

Hardware:  CDC 

Developer:  K.  J.  Bathe 

Dept,  of  Mechanical  Engineering 
Masaachusetta  Institute  of  Technology 
Cambridge,  MA  02139 

Availability:  Program  Is  available  from  COSMIC.  Users  manuax  and  program 

listing  In  [26]. 

Comments:  SSPACE  la  one  of  three  routines  written  by  Dr.  Bathe  for  solution 

of  the  large  generalised  eigenvalue  problem.  Mass  matrix  may  be  input 
either  as  banded  positive  definite  or  diagonal  non-negative  definite. 


Buckling  of  linearized  asymmetric  equilibrium  states  (SRA101)  [35,  36] 

Capability:  Program  calculates  the  bifurcation  buckling  modes  of  linearized 

asyzmetrlc  prebuckling  states. 

Method:  Eigenvalues  are  computed  using  the  Rayleigh  quotient  for  an  Initial 

estimate  then  applying  Inverse  Iteration  to  the  linearized  eigenvalue 
equations. 

Language : FORTRAN 

Hardware:  CDC,  UNIVAC 

Developer:  G.  A.  Cohen 

Structures  Research  Assoclstes 
Laguna  Beach,  CA  92651 

Availability:  Program  Is  available  from  developer  and  COSMIC.  Users  manual 

Is  available,  [36]. 

Comments:  This  routine  is  part  of  a series  of  six  compatible  programs  for  six 

different  modes  of  response  of  stiffened  axlsyametrlc  shells.  Three  of 
the  programs  contain  eigenvalue  extraction  routines  (SRA101,  SRA201, 
SRA300)  with  the  eigenvalue  problem  In  a different  structural  form  for 
each  one.  The  developer  plans  to  Integrate  the  programs  Into  a single 
program  with  Improved  Input  format,  problem  size  Independence  through 
dynamic  storage,  general  suterlal  anisotropy,  transverse  shear  deforma- 
tions and  field  method  of  solution  (invariant  imbedding). 


Buckling  of  nonlinear  axlsymmetrlc  equilibrium  states  (SRA201)  [35,  36] 

Capability:  Program  calculates  the  bifurcation  buckling  modes  of  nonlinear 

(or  linear)  axlsymmetrlc  torsionless  prebuckling  states. 

Method:  Initial  estimates  for  the  eigenvalues  are  obtained  according  to  the 

Rayleigh  quotient.  The  Inverse  Iteration  method  Is  then  applied  to  the 
linearized  eigenvalue  equations. 

Language:  FORTRAN 

Hardware:  CDC,  UNIVAC 
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Developer:  C.  A.  Cohen 

Structures  Research  Associates 
Laguna  Beach,  CA  92651 

Availability:  Program  is  available  from  developer  and  COSMIC.  Users  manual 

is  available,  [36]. 

Comments:  See  SRA101  consents. 


Vibrations  About  Axisymmetrlc  Equilibrium  States  (SRA300)  [35,  36] 

Capability:  Program  calculates  free  vibration  modes  about  nonlinear  axlaym- 

metric  torsionless  equilibrium  states. 

Method:  The  eigenvalue  equations  for  the  square  frequency  of  harmonic  vibra- 

tions about  an  equilibrium  state  are  calculated  in  the  same  manner  as  for 
the  buckling  in  the  vicinity  of  the  same  equilibrium  state.  Aa  in  SRA101 
and  SRA201  the  initial  estimates  for  the  eigenvalues  are  obtained  by  use 
of  the  Rayleigh  quotients.  The  final  eigenvalues  and  the  eigenvectors 
are  then  obtained  through  the  lnverae  iteration  method. 

Language : FORTRAN 

Hardware:  CDC,  UNI VAC 

Developer:  C.  A.  Cohen 

Structures  Research  Associates 
Laguna  Beach,  CA  92651 

Availability:  Program  is  available  from  developer  and  COSMIC.  Users  manual 

la  available,  [36]. 

Coamenta:  See  SKA  101  comments. 


STARDYNE  [37] 

Capability:  Two-dimensional  dynamic  analysis  of  shells  of  revolution  using 

the  finite  element  method. 

Method:  Eigenvalues  and  eigenvectors  are  computed  through  the  application  of 

Householder's  method,  QR  iteration  and  inverse  iteration, 

Language : FORTRAN 

Hardware : CDC 

Developer:  R.  Rosen 

Mechanics  Research  Inc. 

El  Sequendo,  CA  92651 

Availability:  Program  la  available  at  Control  Data  Corporation  Data  Centers. 

Users  manual  available  from  developer. 

Consents:  Eigenvalue  extraction  routine  is  imbedded  in  the  structural 

analysis  program  STARDYNE.  Routine  uses  Inverse  iteration  with  shift 
points  and  is  fully  automated  to  select  shift  point  and  the  number  of 
iterations  needed  to  minimise  the  required  coeqiuter  time.  Eigenvectors 
for  systems  with  15,000  dynamic  DOF  have  been  computed. 

Solution  of  Eigenvalue  Problems  by  STURM  Sequence  Method  (STURM)  [38] 

Capability:  Solution  of  the  real,  general  eigenvalue  problem  for  large 

structuial  systems. 

Method:  The  desired  roots  are  first  isolated  by  the  Sturm  sequence  method 

then  they  are  accurately  determined  by  an  Interpolation/bisection  tech- 
nique. Eigenvectors  are  computed  through  the  Inverse  iteration  method. 

Language:  FORTRAN 

Hardware:  UNIVAC 
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Developer:  K.  K.  Gupta 

M/S  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Dr. 

Paaadena,  CA  91103 

Availability i Program  (approximately  860  Instructions)  and  uaera  manual 
are  available  from  COSMIC.  Program  Hating  and  users  manual  are  alao 
Included  In  [38]. 


Contents:  Program  exploits  the  Input  matrix  bandadneaa  and  sparsity  char- 

acteristics. Only  the  desired  roots  vlthln  a prescribed  spectrum  are 
computed.  Routine  may  be  used  In  vibration  analysis  (input  mats  and 
stiffness  matrices),  in  structural  stability  analysis  (Input  matrices 
geometric  stiffness  and  elastic  atlffneaa) , and  in  vibration  analysis  of 
atratchad  structures  (Input  matrices  mass  and  corrected  stiffness, 

4 - V- 


SUBCHEB 

Capability:  Calculation  of  smallest  eigenvalues  and  eigenvectors  of  the 

general  eigenvalue  problem. 

Method:  Subspace  iteration  and  Sturm  sequence  checks  are  made  for  the  lowest 

eigenvalues  then  an  acceleration  procedure,  using  Chebyshev  polynomial 
properties  and  spectral  shifts,  la  used  to  quickly  Iterate  to  an  ac- 
curate eigenvalue.  Eigenvectors  are  also  determined  by  subspace  Itera- 
tion. 

Language:  FORTRAN 

Hardware:  HAITAC  8700/8800,  IBM 

Developer:  Y.  Yamamoto  and  H.  Ohtsubo 

Dept,  of  Naval  Architecture 
Faculty  of  Engineering 
University  of  Tokyo 
Bunkyo-ku,  Tokyo,  Japan 

Availability:  Program  and  users  manual  are  available  from  the  Computer 

Center,  University  of  Tokyo. 

Comments:  This  program  nodiflea  Bathe's  subspacs  method  (See  SSPACE)  by 

applying  the  acceleration  procedure  to  the  initial  subspacs  iteration 
and  Sturm  sequence  checks.  Ths  appropriate  Chebyshev  constants  and 
origin  shift  are  determined  automatically  in  the  program.  The  accelera- 
tion procedure  reduces  tha  computational  tlaM  by  approximately  75  par 
cent.  Program  la  applicable  to  both  free  vibration  and  buckling  analy- 
ses. 


Elgenproblem  Solution  of  Supersonic  Panel  Flutter  Problem  (SUPFLUT)  [39] 

Capability:  Calculation  of  the  solution  to  tha  supersonic  panel  flutter 

eigenvalue  problem  and  determination  of  flutter  boundary  occurlng  at 
any  point  In  tha  slgcnapactrum. 

Method:  Eigenvalue  problem  is  reduced  to  general  form  than  the  eigenvalues 

and  eigenvectors  are  determined  by  Sturm  sequence  method,  bisection  and 
Inverse  iteration. 

Language : FORTRAN 

Hardware:  UNIVAC 

Developer:  K.  K.  Gupta 
M/S  144-218 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Dr. 

Paaadena,  CA  91103 

Availability:  Program  is  available  from  COSMIC.  Users  manual  available  from 
developer . 
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Consents : Input  matrices  for  the  matrix  aquation 

(K  + Kq  + AA  + w^M  + wyD)q«0  ara  tha  alaatlc  atlffnaaa  matrix  K,  geo- 
metric atlffnaaa  matrix  K^,  aerodynamic  load  matrix  A,  maaa  matrix  H 
and  aerodynamic  damping  matrix  D.  Program  axplolta  matrix  bandedneea 
and  aparalty  characterlatlca.  Flutter  boundary  may  be  determined  for 
any  point  In  the  algenepectrum.  The  routine  reducea  tha  matrix  equation 
to  general  eigenvalue  form  and  aolvea  for  the  complex  roota  and  vector*. 


Structural  Analyela  of  General  Shell*  (STAGSB)  {AO,  Al] 

Capability:  Structural  analyela  of  arbitrary  ihella  that  may  exhibit  in- 

elaetlc  material  bahavlor. 

Method:  Eigenvalue*  and  alganvectora  are  computed  by  the  lnvere*  Iteration 

method  with  reduced  eubapace  and  epactral  ehlfta. 

Language:  FORTRAN 

Hardware:  CDC,  UN  I VAC 

Developer:  B.  0.  Almroth  and  F.  A.  Brogan 

Lockheed  Mlealea  and  Spaca  Company 
Palo  Alto,  CA  9 A 30 A 

Availability:  Program  and  uaar*  manual  are  available  from  developer  at  a 

cost  of  $2,000. 

Comment*:  Eigenvalue  extraction  routine  la  Imbedded  in  program  STAGSB. 


Elgensyatem  Programs  for  General  Real  Matrlcae  (VARAH1)  [42,  A3] 

Capability:  Calculation  of  the  eigenvalues  and  eigenvectors  of  the  standard 

eigenvalue  problem  (VARAH1) . Refinement  of  the  computed  eigenvalues 
and  eigenvectors  and  determination  of  the  error  bound*  (VARAH2) . 

Method:  Matrix  1*  first  transformed  to  upper  Heassnberg  form  then  the 
eigenvalues  are  computed  through  double  Qk  Iteration.  Eigenvectors 
are  computed  through  Inverse  iteration. 

Language:  FORTRAN 

Hardware : CDC 

Developer:  D.  A.  Cignac 

Dept,  of  the  Navy 

Naval  Ship  Research  and  Development  Center 
Washington,  D.C.  2003A 
Availability:  Unknown 

Comments:  Complete  elgenayetem  solution  Involves  two  programs,  VARAH1  and 

VARAH2,  which  are  FORTRAN  adaptations  and  extensions  of  J.  M.  Vareh's 
ALGOL  programs,  EIGENVALUES ANDEIGENVECTORS  and  EICENSYSTEMBOUNDS  [54]. 
Program  VAXAH1  reducea  the  general  eigenvalue  problem  to  standard  fora 
and  computes  the  eigenvalues  and  eigenvectors  of  the  resulting  matrix. 


DYNA 

Capability:  Calculation  of  eigenvalues  and  alganvectora  of  the  general  eigen- 

value problem- 

Method:  Eigenvalues  and  eigenvector*  are  computed  through  the  use  of  the 
Inverse  Power  Method  with  determinant  and  origin  shift. 

Language : FORTRAN 

Hardware : CDC 

Developer:  H.  A.  Kamel 

Aerospace  and  Mechanical  Engineering  Department 
The  University  of  Arisons 
Tucson,  Arisons  85721 

Availability:  Program  Is  avallsbla  from  developer.  User's  manual  Is  not 

available. 
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Consents:  Mass  matrix  may  be  input  in  consistent  or  lumped  form.  Matrices 

are  stored  in  core  in  sparse  representation. 


PLFREQ  [46] 

Capability:  Calculation  of  nodal  frequencies  for  plate  vibration  vlth 

clamped  or  simply  supported  boundaries. 

Method:  Raylelgh-Rltz  equations  are  aolved  to  form  the  standard  eigenvalue 

problem.  The  eigenvalues  are  obtained  through  Jacobi  iteration  using 
IBM  SHARE  Library  routine  EIGEN  [27]. 

Language : FORTRAN 

Hardware:  IBM 

Developers:  Ralph  C.  Leibowltz  (Code  194) 

Delores  R.  Wallace  (Code  1844) 

Naval  Ship  Research  and  Development  Center 
Bethesda,  MD  20084 

Availability:  Program  is  available  from  the  developers. 


SUNFRE  [46] 

Capability:  Calculation  of  eigenvalues  for  plate  vibration  vlth  clamped  or 

simply  supported  boundaries. 

Method:  Raylelgh-Ritz  equations  are  solved  by  Gaussian  quadrature  and  the 

standard  eigenvalue  matrix  is  formed.  The  eigenvalues  are  computed  by 
Jacobi  iteration  using  IBM  SHARE  Library  routine  EIGEN  [27]. 

Language:  FORTRAN 

Hardware : IBM 

Developers:  Delores  R.  Wallace  B.  C.  Sun 

Code  1844  Newark  College  of  Engr. 

Naval  Ship  Research  6 Development  Center  Newark,  N.J. 

Bethesda,  MD  20084 

Availability:  Program  and  Users  manual  [46]  are  available  from  Ralph 

Leibowltz,  Code  194,  Naval  Ship  Research  and  Development  Center, 

Bethesda,  MD. 


There  are  several  eigenvalue  extraction  routines  that  the  authors  know 
to  be  in  use  but  for  which  complete  information  is  not  available.  They  are 
listed  in  abbreviated  form  in  the  following  descriptions: 


Bifurcation  Buckling  Analysis  (BALOR)  [44] 

Capability:  Finite  Difference,  one-dimensional,  linear,  static,  bifurcation 

buckling  analysis  due  to  asymmetric  loading  of  shell  structures. 

Method:  Eigenvalues  determined  by  Inverse  iteration. 

Developer:  R.  E.  Fulton 

NASA/Langley  Research  Center 
Newport  News,  VA  23600 

Comments:  Eigenvalue  routine  is  Included  in  the  buckling  analysis  program, 
BALOR.  Eigenvalue  routine  contains  spectral  shift  capability  so  that 
all  eigenvalues  can  be  computed,  if  desired. 


Eigenvector  of  a Complex  Matrix  (CXVEC)  [45] 

Capability:  Eigenvalue  and  eigenvector  extraction  for  complex  matrices. 
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Developer:  W.  L.  Frank 

Space  Technology  Laboratories,  Inc. 

Redondo  Beach,  CA  92651 
Availability:  Unknown 

Comments:  The  original  veralon  of  thla  routine,  developed  by  Mr.  Frank, 

applied  to  real  matrices.  Personnel  at  the  Naval  Weapons  Center,  China 
Lake,  CA.  later  modified  it  for  complex  matrices.  General  eigenvalue 
problem  must  be  transformed  to  standard  form  prior  to  use  of  this 
routine. 


Normal  Mode  Computer  Analysis  of  Structure  (DYNASHOR)  [45] 
Capability:  Program  cocputea  the  frequency  mode  shape,  participation  factor. 


mode  shape)  squared  and  (weight  x 
for  each  mode  of  oscillation. 


effective  mass  and  weight,  (mass  x 
mode  shape  x participation  factor) 

Language : FORTRAN 

Hardware:  IBM,  CDC 

Developer:  J.  Avila 

DTKB  (Code  247) 

Philadelphia  Naval  Shipyard 
Philadelphia,  PA  19101 

Comments:  Original  program,  written  by  developer  for  an  IBM  7090  computer, 

has  been  modified  for  use  on  a CDC  1604. 


Eigenvalues  of  Complex  Matrices  (EIG4)  [45] 

Capability:  Calculation  of  the  eigenvalues  of  the  general  complex  eigenvalue 

problem. 

Method:  Eigenvalues  are  computed  through  the  use  of  the  Laguerre  method. 

Limitations:  Computes  eigenvalues  only. 

Language:  FORTRAN 

Hardware : IBM 

Developer:  B.  N.  Parlett 

AEC  Computing  and  Applied  Mathematics  Center 

New  York  University 

New  York  City,  NY  10003 

Availability : Unknown 

Comments:  Program  was  originally  developed  by  Mr.  B.  N.  Parlett  and  later 
rewritten  in  FORTRAN  IV  by  personnel  of  the  Naval  Weapons  Center,  China 
Lake,  California.  The  general  eigenvalue  problem  must  be  transformed  to 
standard  form  prior  to  use  of  this  routine. 


Eigenvalues  of  Real  Matrices  (EIG5)  [45] 

Capability:  Routine  solves  for  the  eigenvalues  of  a general  real  matrix. 
Method:  The  general  real  matrix  is  reduced  to  lower  Heaaenberg  form  by 
slmlllarlty  transformations.  Hyman's  method  is  used  to  obtain  the 
characteristic  polynomial  and  its  derivatives;  then  Laguerre* s method 
is  used  to  Iterate  for  the  eigenvalues. 

Limitations:  Computes  eigenvalues  only. 

Language : FORTRAN 

Hardware : IBM 

Developer:  B.  N.  Parlett 

AEC  Computing  end  Applied  Mathematics  Center 
Hew  York  Univerelty 
New  York  City,  NY  10003 
Avellablllty:  Unknown 
Consents;  See  coements  for  EIG4 
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Eigenvalue*  - Eigenvector*  of  • Real  Synmetrlc  Matrix  (JACB)  [45] 

Capability)  Routine  eolvea  for  the  eigenvalue*  and  eigenvector*  of  a real, 
symmetric  matrix. 

Method)  The  Jacobi  method  la  uaed  to  reduce  the  matrix  to  a diagonal  matrix 
of  eigenvalue*.  The  eigenvector*  may  be  computed  by  the  Jacobi  method 
If  the  user  desires.  If  computed,  the  eigenvectors  are  normalized. 

Language)  FORTRAN 

Hardware)  IBM 

Developer:  F.  J.  Corbato 

MIT  Technology  Computing  Laboratory 
Cambridge,  MA  02139 

Availability  t Unknown 

Consents:  Program  was  originally  written  by  Mr.  Corbato  then  later  rewritten 

In  FORTRAN  IV  by  personnel  at  the  Naval  Weapon*  Center,  Chine  Lake,  CA. 
The  general  eigenvalue  problem  must  be  transformed  to  standard  form 
prior  to  use  of  the  program. 


Eigenvalues  - Eigenvectors  of  a Real,  Symetric  Matrix  (MLEW)  [45] 

Capability:  Program  computes  the  eigenvalues  and  eigenvectors  of  a real 
symmetric  matrix. 

Method:  Householder's  method  Is  used  to  reduce  the  matrix  to  tridiagonal 

form.  The  eigenvalues  are  Isolated  through  Sturm  sequence  uae  and  the 
eigenvectors  are  found  by  using  Wilkinson's  aw t hod. 

Language:  FAP,  FORTRAN 

Hardware : IBM 

Developer)  8.  Greenspan 

AEC  Computing  and  Applied  Mathematics  Center 

Now  York  University 

New  York  City,  NY  10003 

Availability)  Unknown 

Coaments : Program  was  originally  written  by  Mr.  Greenspan  than  later  trans- 

lated to  Fortran  IV  by  personnel  of  the  Naval  Weapons  Center,  China  Lake, 
California.  Tha  general  eigenvalue  problem  must  be  transformed  to 
standard  fora  prior  to  program  use. 


Eigenvector  of  a Real  Matrix  (RLVEL)  [45] 

Capability:  Routine  calculates  the  eigenvectors  of  a general  real  matrix. 
Method:  Gaussian  elimination  and  a variation  of  Wilkinson's  method  are  used 

to  determine  the  eigenvectors. 

Language : FORTRAN 
Hardware  t IBM 
Developer:  W.  L.  Frank 

Space  Technology  Laboratories  Inc. 

Redondo  Beach,  CA  92651 
Availability:  Unknown 

Comments:  Program  was  originally  written  by  Mr.  Frank  then  later  translated 
Into  FORTRAN  IV  by  personnel  of  the  Naval  Weapons  Center,  China  Lake,  CA. 

Modal  Vibration  of  Shells  of  Revolution  (VALOR)  [44] 

Capability:  Vibration  analysis  of  shells  of  revolution  using  modal  analysis 
method. 

Method:  Eigenvalues  determined  by  Inverse  Iteration. 

Developer:  R.  E,  Fulton 

NASA/Langley  Research  Center 
Newport  News,  VA  23600 
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Comment*:  Program,  VALOR,  haa  a frae  vibration  analyaia  capability  and  con- 

talm  the  eigenvalue  and  alganvactor  extraction  routine*.  The  Inver** 
ltention  procedure  include*  a spectral  ahlft  capability  *o  that  all 
eigenvalues  and  eigenvector*  can  ba  calculated. 
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INTRODUCTION 

The  purpoee  of  this  chapter  la  to  survey  and  aaaeas  the  way*  In  which  damping 
haa  been  Incorporated  Into  general  purpoaa  shock  and  vibration  computer  pro- 
grams. The  authora  believe  that  a review  of  this  topic  will  be  useful  because 
they  have  encountered  confuelon  over  the  various  types  of  daaplng  models  which 
ere  available,  and  confusion  over  the  compromises  which  must  be  made  between 
physical  raallty  and  mathematical  convenience  In  the  choice  of  a damping  model. 

The  chapter  will  begin  with  a review  of  damping  forces  followed  by  a 
comprehensive  discussion  of  dsmplng  In  multl-degree-of-freedoa  systems.  It  Is 
hoped  that  these  e act  Ions  will  clarify  the  nature  of  damping  mechanisms  and 
Illustrate  the  trade-offs  among  mechanisms.  The  final  section  of  this  chapter 
reports  the  results  of  a survey  alaed  at  establishing  which  daaplng  hypotheses 
are  available  In  various  computer  programs  and  the  relative  success  of  these 
programs  In  solving  problems  of  damped  response  of  discrete,  nultl-degrsa-of- 
freedoa  models.  In  addition,  this  final  section  will  suggest  areas  In  which 
future  research  could  be  fruitfully  directed. 


THE  KATORB  07  DAMPING  FORCES 

Oscillatory  mechanical  systema  have  a reservoir  of  Inertial  energy,  a reser- 
voir of  elastic  energy  and  a means  of  dissipating  energy.  The  forces  associated 
with  Inertia  and  elasticity  can  be  calculated  by  formulas  from  theoretical 
mechanics;  no  recourse  la  necessary  to  experiment  or  experience.  This  Is  not 
the  case  for  damping  forces.  In  this  sense,  damping  Is  Irrational  and  requires 
the  analyst  to  adopt  a hypothesis  before  calculating  the  daaplng  force  or  the 
energy  dlealpated  per  cycle.  Also,  the  motivation  for  the  hypothesis  about 
daaplng  can  vary;  the  motivation  can  be  primarily  physical  as  In  the  cases 
of  viscous,  hysteretlc,  or  Coulomb  damping;  or  primarily  to  achieve  a simple 
mathematical  formulation  ae  In  the  caees  of  proportional  daaplng,  equivalent 
vlscoue  nodal  damping,  or  complex  stlffnees.  The  challenge  for  each  particu- 
lar problem  la  to  strike  the  appropriate  balance  between  physical  reality  and 
mathematical  tractabl.Uty. 

Since  there  Is  a greet  deal  of  confuelon  over  the  various  types  of 
daaplng  hypotheses  end  their  associated  terminology,  a description  of  the 
more  common  choices  will  be  given  first.  For  clarity,  the  discussion  will  be 
limited  to  a damped,  elngle-degree-of-freedoa  oscillator;  additional  discus- 
sion can  be  found  In  (1],  [2]  and  [3].  Hultl-dagree-of-freedom  systems  are 
treated  In  subsequent  sections  of  this  chapter. 
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Viscous  Damping 

In  linear  vlacoua  damping,  energy  la  dissipated  by  laminar  fluid  friction. 

An  example  la  energy  dlaalpation  due  to  flow  of  a Newtonian  fluid  between  a 
tightly  fitting  platon  and  cylinder,  i.e.,  the  claaalcal  daehpot.  The  damp- 
ing force  la  proportional  to  the  relative  velocity  and  in  antlphaae  with  this 
velocity.  For  alnuaoldal  reaponae  of  a alngle-degree-of-f reedom  ayatem  we 
therefore  have 

F - - cX  (1) 

where 

F la  the  damping  phaaor 
X la  the  velocity  phaaor 

c la  the  damping  coefficient. 

Introducing  the  damping  ratio,  $,  defined  aa 


6 


c 

2mu 


where 

ccr  la  the  critical  damping  ratio 

m la  the  maaa 

u la  the  undamped  natural  (circular)  frequency, 

Eq.  (1)  bacomea 


T - -2mwBX 


(2) 


Linear  vlacoua  damping  la  mathematically  convenient  and,  when  laminar  fluid 
flow  la  praaent,  phyelcally  reaaonable.  Ita  uaa  for  the  damping  of  matala 
or  plaatlca  la  baaed  more  on  lta  mathematical  convenience  than  lta  phyalcal 
reality. 

The  energy  dlaalpation  per  cycle  (D)  aaaoclated  with  linear  vlacoua 
damping  can  be  ahown  to  be 


D » c 0 w X 


2 


(3) 


where 

X la  the  magnitude  of  the  displacement  phaaor,  X 
(1  la  the  forcing  frequency 

Equation  (3)  Implies  that  for  viscous  damping,  D«fl  . 


Hystaretlc  Damping 

Hyateratlc  damping  Is  sometimes  rsfarred  to  as  material  damping.  The  energy 
dlaalpation  la  due  to  various  forms  of  Internal  friction  as  wall  as  saall- 
scala  thermal  and  electrical  effects,  Nora  details  can  be  found  In  [4]  and 
[5].  On  a macroscopic  scale,  the  damping  force  Is  usually  approximated  by 
a force  which  la  In  antiphase  with  the  velocity  and  proportional  to  the 
displacement.  For  sinusoidal  response  of  a slngle-dsgree-of-f reedom 


oscillator,  one  then  hae 


F « - 1 X 

where  1 le  . If  the  constant  of  proportionality  la  taken  as  nk  where  k Is 

the  oscillator  stiffness  and  n Is  defined  as  the  loss  factor,  we  nay  rewrite  this 

as 


F - - ikqX 


W 


Since  for  sinusoidal  response  X ■ lnx 


f . - i 

- n - 


(5) 


Comparing  Eq.  (5)  to  Eq.  (1)  we  nay  define  the  equivalent  viscous  danplng 
coefficient  aa 


c 


(6) 


Compering  Eq.  (S)  to  Eq.  (2)  we  nay  write  a relation  between  loss  factor  and 
danplng  ratio 


n - 


(7) 


2 

where  u - k/n.  Note  that  at  resonance  Eq.  (7)  gives  n ■ 28  . 

The  energy  dissipated  per  cycle  associated  with  this  formulation  of 
hyeteretlc  damping  Is 


D 


knwX2 


(8) 


and  Implies  that  D Is  Independent  of  0 . It  vas  this  experimental  observation 
that  lad  Kimball  and  Lovell  to  suggest  the  hyeteretlc  damping  hypothesis  In 
1927  [6], 

The  use  of  the  above  model  of  hyeteretlc  damping  for  free  vibration  or 
multiple-frequency  forcing  (such  ss  force  pulses)  Is  open  to  question  ([2] 
and  [7]). 

It  Is  helpful  to  distinguish  between  hyeteretlc  damping  ss  described 
above,  which  occurs  on  the  microscopic  scale,  and  energy  dissipation  due  to 
the  generation  of  elaatlc-plestlc  hysteresis  loops  on  a macroscopic  scale. 

It  Is  certainly  debatable  whether  macroscopic  hysteresis  should  be  considered 
as  damping  or  aa  nonlinear  restoring  force  associated  with  elastic-plastic 
behavior;  both  affect  the  response  In  about  the  same  way  and  are  roughly 
additive  In  their  effects.  One's  attitude  depends  on  the  context  of  the 
problem  being  studied.  We  choose  to  emphasise  tha  nonlinear  nature  of  macro- 
scopic hysteresis  and  exclude  It  from  the  present  discussion  which  Is 
focused  principally  on  linear  damping  mechanisms. 

Energy  will  also  be  dissipated  If  the  material  Is  time  dependent.  For 
a discussion  of  this  phenomenon  see  tha  chapter  by  Tamsda  In  this  volume. 
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Couloeb  Damping 

The  energy  dlaalpatlon  In  thia  caaa  la  due  to  dry  friction  between  eliding 
aurfacea.  The  normal  force  (N)  and  frictional  force  (F)  between  the  eliding 
aurfacea  are  related  by  Couloab'e  law 


F - wN 


The  direction  of  F la  oppoalte  to  the  relative  velocity.  The  damping  force' 

Is  thua  a nonlinear  function  of  the  velocity  and  may  be  repreeented  mathemat- 
ically by  meana  of  the  algnum  function1 


F(t)  - - wNagnfi(t)] 


(9) 


It  can  be  shown  that  for  ainuaoldal  reaponae 


c -M 

eq  tf!X 


(10) 


and 


D - *pNX 


(11) 


Thla  and  other  forma  of  nonlinear  damping  forcea  (In  particular,  F«  (x)n)  are 
dlacuaaed  In  (8]  and  [9]. 

Coulomb  damping  la  often  uaed  to  repreaent  the  energy  dlaalpatlon  per 
cycle  In  riveted  or  bolted  Jolnta.  However,  care  nuat  be  uaed  since  the 
dependence  of  D on  v for  a fully  allppad  joint,  Eq.  (11),  la  not  the  same  aa 
chat  for  a partially  slipped  Joint.  In  a partially  slipped  Joint,  D la 
Inversely  proportional  to  v>  Me  [10], 

The  above  three  damping  hypotheses  are  baaed  on  physical  conceptions  of 
damping  processes.  The  choice  of  oca  physical  damping  process  over  another 
often  makes  a negllble  difference  In  the  dynamic  response  of  a system,  see 
[11].  For  this  reason,  damping  hypotheses  have  bean  Introduced  which 
emphasise  mathematical  convenience  mors  than  physical  process  and  we  shall 
discuss  these  nest. 


Proportional  Damping 

Proportional  damping  Is  sometimes  called  layleigh  damping.  For  a slngle- 
dearee-of-fraadom  system  the  damping  force  la  assumed  to  be  a linear  function 
of  the  mass  and  stiffness,  l.a. 


F<t)  » - (aom  + a^k)x(t) 


(12) 


where  i(t)  la  the  velocity. 


1agn(s)  ■ + 1 for  x > 0 j agn(x)  ■ - 1 for  i<0  j 
egn(i)  ■ 0 for  s > 0 


- - ‘ 


'fpp'tfr 
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Thi*  can  be  derived  by  anunlng  a diaalpatlon  function  which  la  quadratic  In 
velocity: 


R ■ i 'o"2  + i ‘i**2 

- 7"*2["o  + v2> 


(13) 


The  daaplng  force  la  given  by  F ■ -dR/dx.  The  diaalpatlon  function  waa  flrat 
Introduced  by  Rayleigh,  [12];  the  ten  proportional  la  perhaps  derived  from 
the  proportionality  between  R and  the  ayatea  kinetic  energy. 

Proportional  daaplng  la  popular  in  aultl-degree-of-f reedoa  systems  becauae 
It  leads  to  a daaplng  aatrlx  which  le  diagonalized  by  the  aaae  transformation 
which  diagonalizes  the  aaae  and  atlffneee  aatrlces.  This  la  discussed  In  a 
later  section  of  this  chapter. 


Equivalent  Viscous  Modal  Daaplng 

Modal  analysis  la  a coaaon  aethod  of  solving  aultl-degree-of-f  reedoa  systeas. 

For  damped  ayateas  thla  aethod  requires  that  the  governing  equations  of  motion 
be  written  In  an  uncoupled  fora  for  each  mode.  The  simplest  way  of  accomplish- 
ing this  Is  to  replscs  the  physical  daaplng  procesa  by  equivalent  viscous 
dsapers,  one  for  each  noraal  node  of  the  systen. 

Of  course,  one  needs  a rationale  for  selecting  an  equivalent  viscous  daaplng 
ratio  for  each  mode.  This  csn  be  as  simple  as  choosing  than  froa  experience  or 
as  Involved  as  aessurlng  the  frequency  dependence  of  the  daaplng  of  a particular 
node  shape  and  then  choosing  the  equivalent  vlacous  daaplng  to  natch  the  actual 
daaplng  at  the  natural  frequency  of  that  node. 

Guidance  on  representative  values  of  equivalent  vlacous  nodal  daaplng 
ratios  Is  not  easy  to  find  In  the  literature.  For  the  case  of  nuclear  reactor 
structures  [13]  Is  helpful  and,  for  high  rise  buildings,  [14]  can  be  consulted. 


Coaplex  Stiffness 

Using  Eq.  (4)  for  the  daaplng  force,  the  equation  of  notion  of  a slngle-degrec- 
of-f reedoa  system  subjected  to  harmonic  forcing  can  be  written 

mZ  4-  iknX  + kl  - F (14) 

where  (_)  denotes  the  coaplex  phaaor.  Clearly,  Eq.  (14)  can  be  written 

+ k(l  + In)  X - F (15) 

or 

aX  + k X - F 

where  k la  the  complex  stiffness.  The  physical  solution  to  Eq.  (15)  la  tha 
real  part  of  Is10*. 
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Thl»  method  of  representing  the  dynamic  stiffness  end  damping  la  widely 
uaed  for  metals  and  polymer*.  For  example,  see  [1J  and  [15).  Since  It  la  a 
mathematical  variant  of  hyateretlc  damping.  It  also  must  be  used  with  caution 
In  the  cases  of  free  vibration  and  multi-frequency  forcing,  especially  when 
the  forcing  function  has  a prominent  aero  frequency  component. 

In  terms  of  materials.  It  la  the  complex  modulus  which  Is  of  Interest. 
One  VTltea 


nM  - e2/ex 

where 

E^  la  the  storage  modulus  In  direct  stress 
E2  Is  the  loss  modulus  In  direct  stress 

la  the  material  loss  factor  In  direct  stress. 

These  material  properties  are  functions  of  temperature  and  frequency. 
For  valuee  of  E^  and  n^  for  some  materials  and  their  dependence  on  tempera- 
ture and  frequency,  see  [15)  and  [16). 

The  hypothesis  of  a complex  stiffness  or  modulus  provides  s very  simple 
way  of  solving  damped  vibration  problems  analytically.  Nmaely,  first  solva 
the  undamped  problem,  e.g.,  for  slngle-degree-of-freedom  sinusoidally  forced 
oscillator 

s{t)  .r«^t 
k-mfJ 


Then  obtain  the  damped  response  by  replacing  k with  Jk  » k(l  + In)  and  taking 
the  real  part! 


t 


mt 

*<t)  - Re[£S— y) 
k-mn 

> £ cosfOt  + ♦) 

/(k-mn2)2  + (kn>2 


As  Is  shown  In  [17],  this  method  is  equivalent  to  neglecting  the  Imaginary 
part  of  the  complex  eigenvector  associated  with  a damped  system.  In  other 
words,  one  assumes  that  the  eigenvector  of  the  undamped  node  Is  the  same  as 
that  for  the  damped  mods.  The  error  Introduced  by  this  technique  should  be 
small  unless  the  damping  Is  lsrge. 


MATHEMATICAL  ANALYSIS  OF  MULTI -DECXEE-OF-FUEDGM  SYSTEMS 

Modern  problems  In  shock  and  vibration  Involve  systems  with  many  degress  of 
freedom  and  eventual  computer  solution.  Jot  these  problems,  the  concept  of 
damping  for  a slngle-degree-of-freedom,  formulated  In  the  previous  section, 
must  be  expanded  to  the  concept  of  a damping  matrix.  Quite  often  this  damping 
matrix  Is  not  constructed  directly  from  the  material  damping  properties  of 
the  various  exponents  but  Is  developed  for  mathematical  convenience,  because 


IMWfVNt. 
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of  thl«  situation,  the  engineer  Is  often  required  to  exercise  considerable  Judg- 
ment in  formulating  and  solving  problems  with  damping.  In  this  section  a 
mathematical  analysis  of  the  linear  damping  problem  Is  given  and  in  the  next 
section  a numerical  example  is  worked  out  In  detail. 

The  basic  equation  discussed  In  this  work  is 

[m]{*)  + [c] {x>  + [k](x)  - {f (t) > (16 

In  which  (m],  [c],  [k]  denote  the  n x n mass,  damping  and  stiffness  matrices, 
respectively,  while  {x}  and  (f(t)}  are  the  n x 1 displacement  and  forcing 
function  column  matrices.  Equation  (16)  represents  n linear,  coupled  equations 
for  the  n degrees  of  freedom.  In  order  to  derive  this  equation.  It  la  assumed 
that  the  analyst  has  modeled  the  original  system  to  the  accuracy  desired. 

Typical  modeling  aids  are  the  finite  difference  and  finite  element  methods. 

A common  approach  to  the  solution  of  this  problem  involves  modal  super- 
position. If  the  system  Is  lightly  damped,  the  eigenvalues  and  eigenvectors 
are  determined  from  the  solution  to  the  free  vibration  undamped  system  In  the 
form 

tk]{*}  - <i>2[m]U)  (Hi 


Equation  (17)  may  be  transformed  to  the  canonical  form 


[A]{*}  » u (*) 


where  (A]  Is  symmetric.  An  effective  way  of  performing  this  transformation 
Is  the  Cholesky  decomposition.  Tho  eigenvalues,  w.,  can  then  be  determined 
by  any  of  a number  of  techniques,  such  as  the  Jacobi  method,  the  Civens- 
Householder  method  or  the  Householder-QX  method.  This  latter  method  is 
particularly  popular.  A discussion  of  all  these  methods  Is  given  In  [18], 

The  eigenvector  associated  with  the  1th  mode  Is  obtained  by  a trans- 

formation Involving  ((i}/*).  Dus  to  the  homogeneous  nature  of  the  eigenvalue 
problem,  the  elements  of  (4)(i)  can  only  be  determined  to  within  an  arbitrary 
multiplicative  constant.  For  convenience  of  solution,  a weighted  modal  matrix 
[♦]  la  constructed  from  the  modal  column  matrices  (4)(1)  by  dividing  each 
column  by  the  square  root  of  the  generalised  mass  for  that  mode  M^, 


— (♦)„.  ! -i-  (♦).. 

(1)  <2> . i /sr  (n) 


Mi  • W{*,(1) 


The  orthogonality  relationships  then  become 

[♦]TWl*J  - ( l J.  [♦]T[kH*J  - 


The  uncoupling  of  the  damped  equations  of  notion  Is  done  by  first  trans- 
forming from  the  physical  coordinates  (x)  to  the  generalised  coordinates  (q), 


% S M 

rr  ■ ■ 


^ '/‘f  y,  .-  4 “ 

hAf  & < h ■ ' S'  # A ' ■ s ,K.  V -V  * 
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Substitution  Into  Eq.  (16)  and  prssultlpllcatlon  by  [*]T  then  yields 

fq)  + [♦]T[cl(*)(q)  + r«2~J{q)  - [♦]T(f(t))  (22) 


The  crucial  step  Involves  the  dlagonallxatlon  of  the  daaplng  ten 
[•]T[c][*].  If  this  dlagonallxatlon  cannot  be  done,  there  are  other  approx- 
imate and  exact  methods  that  aay  ba  used  for  the  eolutlon.  These  are  discussed 
In  a later  section  of  this  chapter. 

Aesualng  that  tha  dlagonallxatlon  can  be  atade  by  an  orthogonality  rela- 
tionship of  the  fon 


[♦]T[c][*J  - hcj 


(23) 


then  Eq.  (22)  becoaes 

<q>  + rc-Hq)  + ru2-J(q)  - [*)T{f(t)>  (24) 


It  la  convenient  at  this  stage  to  relate  this  equation  to  the  standard  fon 
of  the  slngle-degree-of-fraedom  system  [19] 

q + 26wq  + u2q  » p(t)  (25) 


In  which  6 Is  the  percent  o£  critical  daaplng  (or  daaqilng  ratio).  The  Individ- 
ual diagonal  elements  of  f'c>]  Bay  then  be  written  as 


ct  - 2*^  1 • 1.2 n (2< 


There  has  been  a great  deal  of  theoretical  work  done  to  ensure  that  uncouplad 
equations  of  this  fon  are  Indeed  obtained.  Using  the  results  of  Eq.  (20)  It 
Is  obvious  that  uncoupling  can  be  obtained  If  the  daaplng  matrix  Is  propor- 
tional to  the  stiffness  and/or  aaas  matrix 


[c]  - ao[m]  + mx[k)  (2) 

This  particular  fon  of  dashing  Is  tbs  matrix  fon  of  proportional  dasplng 
or  kaylelgh  damping  discussed  In  the  first  section.  Following  the  previous 
uncoupling  procedure,  Eq.  (24)  becomes 

<q>  ♦ (•„[  I 1 + a1f'ulj){q)  + r-wljtq)  - [9]T{f(t)>  (21 

Coshering  thla  to  an  equivalent  uncoupled  caae 

(q)  ♦ 2r~6u-4{q)  + r~w?-4{q>  - 


(2' 


\ 


lUMPISt, 
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It  li  found  by  equating  the  {q}  coefficients  that 


2f-*0wJ  ■ • f I ) ♦ a f-o)  ^ 
o l 


Thu*  for  any  nod*  1,  the  damping  ratio  nay  be  written 

1 “ 1 n 


(30) 


(31) 


It  ahould  be  noted  that  alnce  there  are  only  tvo  arbitrary  conatanta  a0,  a^ 
th»  daaplng  ratio,  can  only  be  apeclfled  In  two  mode*.  Value*  of 

for  other  aodea  are  then  fixed  by  Eq.  (31).  The  mode*  uaed  to  calculate 
a and  a^  are  uaually  determined  f roe  th*  phyalca  of  the  problem.  Chooelng 
the  flrat  two  mode*  for  thla  purpoae  (aa  1*  often  done)  tend*  to  filter  out 
the  effecta  of  the  high  frequency  component*. 

A relatlonahlp  for  (c]  that  la  more  general  than  Eq.  (27),  but  which 
retain*  the  crucial  orthogonality  condition  waa  derived  by  Caughey  In  1960, 
[20],  A convenient  form  of  thla  Caughey  aarle*  la  given  In  [21] 


[c] 


[m]  l a.([mf1[k])b 
b-0  b 


• 


+ ajtk)  + ... 


(32) 


Ualng  the  orthogonality  relatlonahlp  from  Eq.  (23)  give* 


r-cj 


IV  a.  2b 

L v 


b«0 


(33) 


From  Eq.  (26)  It  then  follow*  that 


*i  ■ y (^+  Vi + Vi3  + ••• + Vi"i2n"3)  1 ’ 1,2,,,n 


(34) 


It  la  lntareatlng  to  note  that  the  flrat  two  terme  of  thle  aerla*  corrcapond 
to  th*  apeclal  caae  of  Rayleigh  damping,  Eq.  (31).  Th*  daaplng  ratio*  In  all 
th*  mode*  can  now  be  controlled,  with  th*  conatanta  *i  appropriately  deter- 
mined from  the  aolution  of  the  alaultanaoua  equation*  dictated  by  Eq.  (34). 
Thla  may  lead  to  numerical  dlfflcultle*  at  high  frequency  becaue*  of  the  large 
numerical  value*  of  th*  natural  frequency  term*.  An  alternative  method  that 
ellmlnatea  *om*  of  the**  numerical  problem*  1*  diacuaaad  In  [21].  It  should 
be  noted  that  quit*  cotmonly  th*  damping  r*tlo  1*  only  specified  In  th*  first 
k mode*  that  are  th*  most  Important  In  th*  solution.  Th*  constant*  In 
Eq.  (34)  corresponding  to  th*  remaining  term*  are  then  set  equal  to  aero. 

Th*  daaplng  ratio*  In  the**  mode*  1 ■ k + l,...n  are  not  tero  and  are  still 
calculated  from  Eq.  (34).  Once  again,  this  will  tend  to  filter  out  the 
effect*  of  th*  high  frequency  component*. 

If  th*  damping  matrix  1*  not  dlagonallsad  by  the  transformation  of 
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3. 

| 

i 


Eq.  (23),  then  the  damping  matrix  1*  termed  nonproportional  and  the  trans- 
formed equations  of  motion  (22)  remain  coupled.  Becauae  of  the  desirability 
of  ualng  modal  superposition  baaed  on  the  vibration  characteristics  of  the 
undamped  aystem,  a number  of  engineering  approximations  have  been  developed, 
^he  simplest  approach  is  to  perform  the  transformation  of  Eq.  (23)  and  neglect 
the  off-diagonal  terms 


[*]T(c)[*] 


NEGLECT  OFF- 
DIAGONAL  TERMS 


(35) 


It  la  of  Interest  to  consider  the  physical  meaning  of  neglecting  these  off- 
dlagonal  terms.  A term  on  the  diagonal  represents  the  damping  force  of  a 
mode  due  to  motion  In  that  mode.  A term  off  the  diagonal  la  associated  with 
the  damping  force  on  a mode  due  to  motion  In  another  mode.  In  effect  coupling 
the  modes.  The  usual  case  of  small  damping  involves  dominant  terms  along  the 
diagonal  and  small  tsrma  off  the  diagonal.  Therefore,  by  neglecting  these 
off-dlagonal  terms  It  la  Implied  that  the  damping  Is  small  enough  to  make  the 
coupling  a second  order  effect.  Recently,  the  results  of  Thomson,  Calkins 
and  Caravanl  [11]  have  indicated  that  this  technique  Is  quite  accurate  for 
engineering  purposes  for  the  solution  of  specified  lumped  mass  systems  to 
sinusoidal  forcing  functions. 

Another  technique  that  has  been  successful  in  dealing  with  nonproportlonal 
damping  matrices  Involves  comparing  the  steady  state  sinusoidal  response  of 
the  actual  system  containing  the  nonproportlonal  damping  matrix  to  the  response 
of  the  system  with  an  assumed  diagonal  damping  matrix.  Typically  this  compar- 
ison Is  made  at  the  various  peak  amplitudes  of  the  response.  The  equivalent 
modal  damping  ratio  can  then  be  found  by  Iterative  solution  of  the  resulting 
simultaneous  algebraic  equations  as  discussed  by  Tsai  In  [22].  Although  this 
technique  la  apparently  more  accurate  [11]  than  the  preceding  method  of 
simply  Ignoring  the  off-dlagonal  terms  In  the  transformed  damping  matrix,  It 
does  have  aome  obvious  limitations.  First  of  all.  It  Is  necessary  to  solve 
the  coupled  problem,  which  may  be  a time-consuming  task.  Secondly,  there  Is 
the  question  of  which  location  In  the  system  to  use  for  matching  the  coupled 
and  modal  solutions.  In  [22]  Tsai  suggests  the  location  that  Is  most  sensi- 
tive to  the  damping  value;  for  ground  motion  Input  to  an  Idealised  building, 

It  la  suggested  that  the  top  mass  be  used  for  comparison  purposes.  Finally, 

It  would  appear  that  the  method  Is  most  efficient  for  natural  frequencies 
that  are  widely  spaced. 

Another  method  that  la  useful  for  nonproportlonal  problems  Is  the 
strain  energy  weighted  modal  rule  first  proposed  by  Biggs  [23].  Although 
partly  derived  on  Intuitive  grounds,  the  method  is  related  to  the  neglect 
of  the  off-dlagonal  terms  expressed  in  Eq.  (35).  The  equivalent  modal  damp- 
ing ratio  In  the  1th  mode,  B^,  Is  expressed  in  terms  of  the  critical  damping 
ratio  for  each  element  of  the  system  with  a weighting  factor  In  the  form  of 
the  sraxlanim  elastic  strain  energy  of  each  slament  j In  the  1th  trade  of 

vibration  (SE)f1^  . For  a system  In  which  all  ths  damping  la  of  a hysteretlc 

Jgax 

type,  the  equivalent  modal  damping  ratio  may  be  conveniently  written  In  terms 
of  the  loss  factor  for  each  element  > 


B 


1 


l(  n,/2)(SE) 


I(SE)(i> 

J Jma 


(36) 


1 
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It  Is  Interesting  to  note  that  If  all  the  elements  have  a constant  loss 
factor,  nj  * constant,  then  the  modal  damping  ratio  Is  a constant  for  all 
the  modes  of  vibration.  'In  [24],  dealing  with  a soil-structure  Interaction 
problem,  this  strain  energy  weighted  technique  Is  extended  to  Include  the 
effects  of  hysteretlc  and  viscous  damping  elements  acting  simultaneously. 

The  previous  paragraphs  describe  approximate  methods  for  uncoupling  the 
equation  of  motion  when  the  damping  matrix  la  nonproportional.  The  methods 
should  be  reasonably  accurate  If  the  damping  Is  light.  However,  It  Is  possible 
to  exactly  uncouple  the  equations  of  motion  for  nonproportional  damping  by 
admitting  the  complex  eigenvalues  and  eigenvectors  associated  with  the  damped 
system.  One  adds  to  Eq.  (16)  the  trivial  equation  [m]{x)  - (m](x)  • 0,  [23], 
and  partitions  these  to  form 


(A]{y>  + [ BJ ( y } - (F(t)} 


(37) 


where 


'[0]  [mf 

-[»]  [0]" 

[A]  - 

; [B]  - 

[si]  [c] 

© 

1 

(i) 

(0) 

(y)  - 

; ( f (t ) ) - 

{x} 

(f(t)) 

(38) 


The  standard  eigenvalue  problem  is  obtained  by  setting  (f(t)}  » 0 and 
Introducing  (y)  » (y^)  exp  A^t  , 


'-[■]  [Of 

•-X . 

[0] 

[«f 

jXl{x)i 

. l°l  M 

(x^ 

1 

[■] 

[cj 

1 <*>i 

The  matrices  In  Eq.  (39)  are  symmetric  but  not  positive-definite  and.  In 
general,  the  eigenvalues  and  eigenvectors  vlll  be  complex.  There  are  2n 
eigenvalues  and  eigenvectors  both  of  which  occur  In  conjugate  pairs.  If  a 
modal  matrix  Is  formed  from  the  eigenvectors  of  Eq.  (39),  It  provides  a 
coordinate  transformation  of  the  form  of  Eq.  (21)  which  uncouples  the  damped 
equation  of  motion,  [26].  It  then  follows  that  the  equations  of  notion  for 
a forced  vibration  problem  may  be  solved  by  model  superposition  techniques. 
Although  this  uncoupling  technique  for  nonproportional  damping  Is  exact,  It 
la  not  often  used.  For  lightly  damped  systems,  the  slight  additional 
accuracy  of  this  exact  procedure  Is  difficult  to  justify.  However,  if  the 
damping  Is  heavy  or  If  the  damping  varies  widely  in  a system,  the  gains  In 
accuracy  may  be  worth  the  added  complexity  of  the  snalysls.  Another  factor  to 
be  considered  le  the  large  uncertainty  which  Is  usually  associated  with 
damping  values  for  structures  and  equipment. 

So  far,  moat  of  this  discussion  has  been  based  on  uncoupling  the  equa- 
tions of  motion  with  the  solution  then  proceeding  by  modal  superposition. 
However,  an  alternative  and  widely  used  method  Is  direct  numerical  Integra- 
tion of  the  equations  of  notion.  Two  recent  revlevs  of  the  relative  advan- 
tages and  dls«  dvantagea  of  these  two  transient  analysis  techniques  are  given 
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by  Belytschko,  [27],  and  Chopra,  [28],  Ona  obvloua  advantage  of  direct 
numerical  Integration  la  that  the  full  damping  matrix  [c]  can  be  utilized. 

The  Implicit  and  explicit  integration  methode  uaed  for  atep-by-atep  solution 
In  the  time  domain  are  not  hampered  by  the  Introduction  of  the  damping  terms. 
Although  both  modal  auperposltlon  and  direct  numerical  Integration  may  be 
used  to  solve  linear  problems,  for  nonlinear  problems  the  direct  Integration 
technique  tends  to  be  a more  convenient  and  powerful  tool  since  [k]  and  [c] 
may  be  altered  at  various  stages  of  the  numerical  procedure.  Among  the  general 
disadvantages  of  direct  integration  are  that  It  essentially  provides  no  Infor- 
mation about  the  modal  characteristics;  also  for  problems  In  which  the  contri- 
bution from  the  first  few  modes  predominate,  the  method  tends  to  be  relatively 
expensive  to  use. 

There  are  certain  claaaes  of  problems  for  which  the  damping  terms  are 
functions  of  frequency  and  It  is  not  adequate  to  replace  these  terms  by 
average  values  that  are  independent  of  frequency  [7],  [29].  For  problems  of 
this  type  It  la  useful  to  transform  the  equations  to  the  frequency  domain  and 
then  Incorporate  the  correct  relationship  between  damping  and  frequency.  After 
solution  In  the  frequency  domain,  an  Inverse  Fourier  transform  la  uaed  to  return 
to  the  time  domain.  Until  recently,  this  procedure  was  not  computationally 
efficient  even  when  using  discrete  Fourier  transforms.  However,  the  development 
of  the  fast  Fourier  transform  (FFT) , an  accurate  and  efficient  algorithm  for 
computing  discrete  Fourier  transforms,  has  radically  changed  this  entire 
situation,  [30],  [31].  Many  special  purpose  FFT  programs  have  been  written 
to  facilitate  this  procedure  and  the  technique  appears  to  be  competitive  with 
direct  numerical  time  Integration  for  certain  problems. 


NUMERICAL  EXAMPLE 


In  order  to  provide  more  physical  Insight  Into  the  previous  theoretical 
discussion  the  aystem  shown  In  Fig.  1 will  be  Investigated  In  detail.  For 
Identical  mass  of  m lb-eecVft  and  Identical  springs  of  stiffness  k lb/ft, 
the  following  matrices  can  be  derlvnd 


[k] 


« [e] 


ft 


\ 

1 

\ 


M 


<w 

-*2 


■kl 

0 

2 

-1 

o" 

(k2*j) 

'k3 

• k 

-1 

2 

-1 

-s 

<w- 

. 0 

-1 

2 . 

-Cj  0 

-c2  (c24cj4es)  -c, 

0 -Cj  (Cj4«4) 


(40) 


Fig.  1:  Thrse-Degree- 

of-Freedom  System 


/MM/’/Vf; 
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Using  standard  methods  to  solve  Eq.  (17),  the  undamped  free  vibration  charac- 
teristics of  the  system  are 


oi^  ■ 0. 76537/k/m,  • 1.41421i'U/m,  - 1.84776/k/m 


(41) 


.7071 

1.0 

.7071 

u,(l)  ■ 

1.0 

.7071 

. (4)(2)  ■ 

o 

o 

1 

• {*}(3)  " 

-1.0 

.7071 

Following  Eq.  (19)  the  weighted  modal  matrix  Is  formed 


.7071 

1 1.0 

.7071' 

1 

1.0 

i — 0 

' _i_ 

-1.0 

.7071 

; ^ -i.o 

1 /£ 

.7071. 

(42) 


Several  calculations  will  now  be  done  Illustrating  methods  of  controlling 
damping  In  specified  modes  and  the  resulting  affects  In  other  nodes.  Teh,  [32], 
has  presented  several  numerical  calculations  of  damping  ratio  with  application 
to  nuclear  reactor  containment  vessels.  As  an  Initial  example,  consider  the 
case  of  proportional  damping  In  the  specialised  form  of  [c]  - a.[k).  Then 
from  Eq.  (20)  It  follows  that  * 


f*]T[c)  [•]  - ax  tVj 

Comparison  to  the  equivalent  uncoupled  system  of  Eq.  (29) 

(q)  + 2hflwJ{q)  + - [•JI{f(t» 


(43) 


(44) 


leads  to 


2r-B<sJ  - ajf-^-J 


0 


1 


(45) 


This  shows  quite  dearly  tha  Incraass  In  modal  damping  ratio  with  natural 
frequency  as  predicted  by  Iq.  (31)  ( for  a ■ 0 ).  Since  there  la  one 
arbitrary  constant  Involved,  a1(  damping  can  be  specified  la  just  one  mode 
with  the  remaining  values  dictated  by  Eq.  (43).  Ticking  thle  to  be  SZ  In 
tha  first  mods  leads  to 
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[c] 


/to 


- . 13066/a7k 

- .05  , B2  • .092  , 63  - .121 

’ .26132  -.13066  0 

-.13066  .26132  -.13066 

0 -.13066  .26132. 


(46) 


Coaparlaon  of  thla  daaplng  aatrlx  with  Eq.  (40)  laada  to  the  following  valuea 
of  the  conponant  danplng  coefficient*  ^ » c2  - c3  » c$  ■ .13066/to  , c3  ■ 0. 
1^  lnatead  of  fixing  the  danplng  In  the  flret  node,  the  conatant  a3  were 
choaen  to  fix  the  danplng  ratio  at  5X  In  the  aecond  node,  then  the  following 
valuea  are  found 


a2  - .07071.€7k 


- .027  , 

e2  - .05  , 

B3  - .065 

.14142 

-.07071 

0 

-.07071 

.14142 

-.07071 

(47) 

0 

-.07071 

.14142 

Conalder  the  aane  ayatea  with  the  dlealpatlve  nechanlan  aaaociated  with 
naterlal  or  hyateretlc  daaplng.  Aaeualng  that  each  eleaent  haa  the  aane  loaa 
factor  n aaaociated  with  It,  the  equivalent  daaplng  aatrlx  extenalon  of 
Eq.  (6)  that  la  proportional  to  the  atlffneaa  aatrlx  aay  be  written  In  the 
fora 


[e] 


(48) 


Thla  leada  to 


2r-e«-]  - £ r~w24 


I o • 


8 . 

B3  2 n 


(49) 


For  aaall  daaplng  the  frequency  0 nay  be  approximated  by  the  value  of  Che 
natural  frequency  u1  aaaoclatad  with  the  1th  node  [7].  Thu* 


*1  “ *2  " *3  “ n^2 


(50) 


Thla  ahowa  that  If  the  daaplng  In  the  ayatea  la  light,  unifora  and  hyataratlc, 
the  daaplng  ratio  la  a conatant  for  all  the  node*  and  la  Identical  to  tha 
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I 


component  damping  ratio  at  reaonance.  If  the  damping  ratio  la  apeclfled  aa 
5X  In  the  flrat  mode.  It  remalna  5X  In  all  the  modea.  Theae  reaulta  for 
hyateretlc  damping  may  alao  be  deduced  from  the  atraln  energy  damping  rule 
expreaaed  In  Eq.  (36). 

For  tha  caae  of  Rayleigh  or  proportional  damping  the  damping  matrix 
takea  the  form  [c]  « a0[m]  + a.(k).  From  Eq.  (31)  the  relation  between 
damping  ratio  and  the  conatantl  a ,a  la 


B 


1 


1 


1.2,3 


(51) 


Aiaumlng  that  the  damping  ratio  la  fixed  at  5Z  In  the  flrat  two  modea , the 
conatante  aQ  and  a^  may  be  calculated  from  Eq.  (51)  aa  a0  ■ . 04966 nijn  , 

a^  ■ .04588/m/k  . Thla  leada  to 

8j  » .05  , 82  - .05  , $3  - .056 


' .14142 

-.04588 

0 ‘ 

[c]  ■ ^Sm 

-.04588 

.14142 

-.04588 

0 

-.04588 

.14142. 

(52) 


It  la  Intareating  to  note  that  the  damping  ratio  In  tha  third  mode  la  qulta 
cloae  to  the  5X  value  of  the  flrat  tiro  modea.  Comparlaon  of  tha  damping 
matrlcea  of  Eq.  (52)  and  Eq.  (40)  laada  to  Cj  » C4  * .09554'  1 , 

c2  “ c3  " .04588>1cn  , cj  - .04966>''ka  . Tha  damping  matrlcaa  of  Eq.  (52) 
and  Eq.  (47)  ahow  a cloae  comparlaon  (particularly  with  reapect  to  the  dom- 
inant diagonal  eleaunta)  even  though  In  the  latter  caae  the  damping  waa  only 
fixed  In  the  aecond  node.  However,  the  damping  ratloa  In  tha  two  caaea  differ 
Importantly  for  the  flrat  mode.  In  addition,  tha  damping  component  from  m2 
to  ground  la  aero  from  Eq.  (47)  while  In  tha  preaent  proportional  damping  caac 
It  la  found  to  have  tha  value  cj  - .04966*/kia  . 

The  damping  ratio  can  be  controlled  In  all  three  modea  by  ualng  the 
Caughey  aarlaa  approach  outlined  In  Eqa.  <17)— (19) . Fixing  the  damping  ratio 
at  5X  In  aach  mode,  tha  conatanta  a_,  aj, , 82  are  calculated  from  tha  three' 
almultanaoua  equation*  aaaoclatad  with 

®i " 1 + Vi  + Vi3)  1 ’ 1,2,3  (53) 


Thla  producae  a0  - .04335/k7m  , ax  - .05980^m7k  , a2  - -.00538(n/k)3/2  . 
Raaaonabl*  comparlaon  la  exacted  for  tha  approachaa  baaed  on  the  Caughey 
aarlaa  and  proportional  damping  alnca  thla  method  lad  to  a damping  ratio  In 
tha  third  mode*  only  12Z  above  tha  dealrad  value  of  8,  ■ .05.  Tha  actual 
damping  matrix  may  now  b*  found  from 
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Icl 


2 

M I 

b-0 


«b(W1[kJ)b 


[c]  - *G 


‘ .13603 
-.03828 
-.00338 


-.03828 

.13067 

-.03828 


-.00538' 

-.03828 

.13605. 


(56) 


Fro*  coaparlaon  with  Eq.  (60),  It  la  lanedlataly  apparent  that  the  preeent 
matrix  la  no  longer  tri-diagonal;  there  now  ezleti  a coeponent  connecting 
aj  to  ■]  (aee  Fig.  1)  with  draping  value  . 00538 For  all  the  prevloua 
calculations  this  coeponent  had  aero  deeping  coefficient.  However,  In  order 
to  control  deeping  In  all  three  nodea,  a non-aero  value  for  thle  far-coupled 
tere  la  now  required.  The  reat  of  the  daaplnt  conetenta  are  c2  ■ c$  • 
.09239  A*  , cj  * C3  • . 03828  Aa  , cj  - .05611  An  . The  dlagonallaatlon  of 
the  tranaforned  daaplng  aatrlz  followa  froe  Eq.  (23) 


(♦)T[c]l*l 


A/u 


(55) 


Froe  Eqe.  (61)  and  (66)  It  followa  that  61  “ 82  “ Bj  “ 5X. 

For  non-proportional  daaplng  the  transfuraad  matrix  la  no  longer  diagonal. 
Typically  non-proportional  daaplng  occur  a when  the  daaplng  matrix  la  coapoaad 
directly  froe  the  Individual  daaplng  valuea  of  tha  components.  For  example, 
conalder  the  prevloua  caaa  Involving  the  aatrlx  of  Eq.  (36)  but  now  arbi- 
trarily double  tha  value  of  tha  daaplng  constant  cj  associated  with  the 
coeponent  froa  a2  to  ground.  The  daaplng  aatrlx  la  now  ellghtly  different 
froa  that  of  Eq.  (56)  since  the  (2,2)  elaaent  la  altered,  l.e. 


’ .13605 

-.03828 

-.00538’ 

[cj  ■ Aa 

-.03828 

.18678 

-.03828 

-.00538 

-.03828 

.13605 

(56) 


The  tranaforaatlon  of  the  daaplng  aatrlx  then  leada  to  the  non-diagonal  fora 


' .1036 

0 

-.0271' 

£*]TIcJ [•]  ■ A7m 

0 

.1416 

0 

-.0271 

0 

.2119. 

(57) 


To  continue  with  a solution  baaed  on  nodal  superposition,  tha  usual  assumption 
as  expressed  by  Eq.  (35),  Is  to  nsglect  the  off-diagonal  terns  and  defies 
equivalent  nodal  daaplng  values  based  on  the  diagonal  tarns  of  Eq.  (57).  For 
aany  different  types  of  forcing  functions  of  practical  laportance  this  tech- 
nique would  produce  adequate  answers  for  dynamic  response  since  the  off- 
dlagonal  terns  are  auch  analler  than  the  diagonal  terns.  The  daaplng  ratios 
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baaed  on  this  approximation  art  Bj  • .068,  Bo  “ .03,  63  “ .037;  tha  damping 
ratio  In  tha  sacond  mods  ramalna  tha  mm  value  aa  that  found  from  tha  Caughey 
sariaa  approach  laadlng  to  Eq.  (33).  This  la  axpactad  on  physical  grounds 
slnca  in  tha  second  soda  of  vibration  tha  middle  mass  remains  stationary. 
Therefore,  increasing  the  damping  of  tha  dissipative  alamant  from  m?  to 
ground  should  have  no  influence  on  82*  However,  aa  axpactad,  63  ana  63 
are  increased  since  extra  damping  has  bean  added  to  tha  overall  system. 

It  Is  of  interest  to  investigate  the  form  [c]'  of  tha  approximate  diag- 
onallsed  damping  matrix  when  it  la  transformed  back  to  tha  original  physical 
system.  Letting f“cj  be  tha  dlagonallted  form  of  Eq.  (37),  it  follows  that 


Id* 


ur  - (m'Vr^jm'1 

' .1496  -.0383  .0082* 
-.0383  .1377  -.0383 
. .0082  -.0383  .1496. 


(58) 


Tha  damping  matrlcea  of  Eq.  (36)  and  Eq.  (58)  differ,  as  axpactad.  In  partic- 
ular, from  Eq.  (58)  It  follows  that  tha  damper  between  m,  and  m,  now  has  a 
negative  value  of  damping  coefficient. 


COMPUTES  PtOGIAMS 


The  authors  surveyed  both  users  and  developers  of  general  purpose  computer 
programs  In  shock  and  vibration  via  a mailed  questionnaire  to  ascertain  tha 
types  of  damping  models  which  ara  available  and  tha  success  of  these  programs 
in  predicting  tha  damped  response  of  dlscrata,  nultl-degrae-of-freedom  systems. 
Tha  results  of  this  survey  ara  reported  below  with  most  of  tha  remarks  limited 
to  tha  damping  aspects  of  tbs  programs.  Further  general  Information  on  these 
programa  la  available  In  (27]. 

A major  caveat  of  tha  reported  comments  Is  tha  confusion  generated  by 
simple  labels.  Many  prograss  with  ths  soma  acronym  appear  to  have  both 
public  and  private  versions  1 accordingly,  the  capabilities  and  user  reactions 
may  vary  depending  on  the  version  Involved.  In  addition,  a number  of  special 
purpose  programs  were  reported  but  It  whs  decided  not  to  list  ell  of  these 
because  of  uncertainty  about  limitation  of  program  availability  end  capabil- 
ity. 


AH STS  - This  program  Is  available  from  Swanson  Analysis  Systran,  Inc., 

870  Fine  View  Drive,  Elisabeth,  FA  13037.  It  can  sccspt  dlscrsts  viscous, 
hysteretlc  and  Coulomb  dampers  as  well  ss  proportional  damping  matrices  and 
complex  stiffness  matrices.  It  has  been  successfully  used  for  damped  response 
under  conditions  of  free  vibration,  harmonic  forcing,  fores  transients, 
seismic  excitation,  and  random  input.  Tha  method  of  solution  Is  direct  Inte- 
gration and  both  linear  and  nonlinear  rsaponoes  nay  be  calculated.  Ths 
program  will  compute  equivalent  modal  damping  parameters  based  on  the  supplied 
material  damping  properties. 

ASIA  II  - This  program  Is  available  from  the  Instltut  fuer  Ststlk  und 
Dynamlk,  Pfaffenvaldrlng  27,  Stuttgart,  80,  Germany.  It  accepts  either  pro- 
portional damping  matrices  or  equivalent  viscous  modal  damping.  The  method  of 
solution  Is  modal  superposition.  Successful  solutions  have  been  obtained  for 
free  vibration,  harmonic  and  transient  forcing,  and  seismic  and  random 
excitation. 
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ASTRE  - This  prograa  li  available  from  the  Instltut  National  des  Sclencea 
Appllqudes,  Laboratolre  de  Mdcanique  dee  Structurea,  Avenue  Albert  Elnateln, 
Vllleurbanne,  France.  It  accepts  a complex  stlffneae  matrix  and  the  aolution 
la  found  by  modal  superposition.  It  has  been  successfully  used  to  solve  the 
response  of  thick  structurea  damped  by  viscoelastic  layers  and  subjected  to 
harmonic  forcing.  The  loss  factor  and  storage  modulus  can  be  functions  of 
frequency. 

DAMP  - This  program  Is  available  from  COSMIC.  Any  structure  can  be 
analyzed  provided  the  stiffness,  mass  and  damping  matrices  are  computed  from 
a finite  element  program.  The  method  of  solution  Is  modal  superposition. 

DAMP  computes  complex  eigenvalues  and  eigenvectors.  It  has  been  successful 
In  the  solution  of  practical  problema  via  complex  frequenclea  and  mode  shapes. 

KSHEL  - This  program  Is  available  from  Prof.  A.  Kalnlns,  Department  of 
Mechanical  Engineering,  Lehigh  University,  Bethlehem,  PA  18015.  It  la  available 
In  two  versions,  KSHEL  1-D  and  KSHEL  3-D.  Its  principal  use  la  shell  dynamics. 
KSHEL  1-D  la  used  for  harmonic  forcing  and  Incorporates  damping  by  means  of  a 
complex  stiffness  matrix.  KSHEL  3-D  accepts  discrete  viscous  or  hysteretlc 
dampers  and  Is  used  for  free  vibration  or  transient  forcing  functions.  The 
damped  tranalent  analysis  uses  modal  superposition  based  on  the  undamped  modes. 
However,  KSHEL  3-D  can  also  compute  the  complex  eigenvalues  and  eigenvectors. 
These  programs  are  new  but  have  been  successful  In  cases  of  free  vibration, 
harmonic  forcing  and  general  tranalent  response. 

MINI-ELAS  - This  program  la  available  from  Prof.  S.  Utku  and/or 
Dr.  I.  B.  Alpay,  Department  of  Civil  Engineering,  Duke  University,  Durham,  NC 
27706.  It  usea  modal  superpoaltlon  and  equivalent  viscous  modal  damping.  It 
has  b*-n  succeasful  with  random  Input. 

MARC  - This  program  Is  available  from  the  CDC  Cybernet  Service  and  through 
MARC  Analysis  Research  Corp.,  105  Medway  Street,  Providence,  RI.  It  will 
accept  all  the  damping  formats  except  complex  stiffness  and  all  forcing  func- 
tions except  random.  The  prograa  provides  the  option  of  nodal  auperposltlon 
or  direct  Integration.  Many  forms  of  structures  have  been  succeaafully 
analyzed  Including  stiffened  and  layered  shells  for  Impact  and  transient 
loading.  Acceptable  comparisons  with  massured  responses  have  been  mode  for 
nonlinear  systems. 

NASTRAN  - The  public  version  of  this  prograa  Is  available  from  COSMIC. 

If  damped  harmonic  response  Is  computed  by  nodal  superposition,  one  must  use 
equivalent  viscous  modal  damping.  If  dashed  harmonic  response  is  computed  by 
direct  integration,  one  can  use  discrete  viscous  or  hysteretlc  dampers  or  a 
complex  stiffness  matrix;  tha  complex  stiffness  matrix  can  allow  each  finite 
element  to  have  a different  loss  factor.  Transient  response  with  damping  can 
be  solved  by  direct  Integration  or  modal  superpoaltlon;  Coulomb  damping  can 
be  used  In  conjunction  with  direct  Integration.  NASTRAN  can  compute  ths 
complex  eigenvalues  and  elgenvsctors.  In  addition,  It  will  accept  s user- 
supplied  damping  matrix.  Success  was  reported  for  problems  Involving  periodic 
and  shock  pulse  forcing  functlous. 

SAMIS  - This  Is  s general  purpose  program  available  from  COSMIC.  The 
method  of  solution  Is  modal  superposition  with  equivalent  viscous  nodal 
damping  and/or  discrete  viscous  dampers.  SAMIS  can  compute  complex  eigen- 
values and  eigenvectors  and  success  was  reported  In  using  these  to  solve  a 
practical  problem. 

SAP  IV  - This  program  is  available  from  ths  National  Information  Service 
Earthquake  Engineering  Computer  Program  Applications,  Davis  Hall,  University 
of  California,  Berkeley,  CA  94720.  If  sK>dsl  superposition  Is  used,  propor- 
tional damping  matrices  or  equivalent  viscous  modal  damping  are  required. 
Solution  can  also  be  obtained  by  direct  Integration  for  nonproportlonsl 
damping  matrices.  Success  was  reported  on  structures  subjected  to  general 
force  transients  and  seismic  excitation. 
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* STARPYNE  - This  program  Is  available  from  the  CDC  Cybernet  Service  and 

from  Dr.  R.  Rosen,  Mechanics  Research,  Inc.,  9861  Airport  Blvd.,  Los  Angeles, 

CA  9006S.  The  methods  of  solution  are  direct  Integration  or  modal  super- 
position. For  the  latter,  proportional  damping  matrices  or  equivalent  viscous 
modal  damping  values  are  required;  for  the  former,  discrete  viscous  dampers 
may  be  used.  Success  was  reported  for  a vide  variety  of  forcing  functions 
Including  seismic  and  random.  The  program  can  use  the  Biggs  strain  energy 
weighting  method  to  compute  equivalent  viscous  modal  damping  for  situations 
where  different  elements  of  the  structure  have  different  damping  values. 

STRUDL  - This  program  Is  available  from  the  ICES  Users  Group,  Inc., 

Box  8263,  Cranston,  RI  02920.  In  addition,  it  exists  In  many  private  versions. 
It  proceeds  by  modal  superposition  and  accepts  either  proportional  or  equiva- 
lent viscous  modal  damping.  Success  was  reported  for  free  vibration,  transient 
forcing  and  seismic  excitation  of  damped  systems. 

Reviewing  the  above  reaponaes  as  a whole,  several  cosmon  features  can 
be  discerned.  If  modal  superposition  Is  a desirable  solution  method  (e.g., 
the  response  la  expected  to  be  dominated  by  a few  modes),  equivalent  viscous 
modal  damping  ratios  or  a proportional  damping  matrix  are  used.  The  use  of 
modal  superposition  with  complex  eigenvalues  and  complex  elgem  actors  Is 
less  common. 

If,  on  the  other  hand,  dlacrete  viscous  or  hyateretlc  dashpots  are 
desired,  a nonproportlonal  damping  matrix  Is  generated  and  aolutlon  typically 
proceeds  by  step-by-step  direct  numerical  Integration.  In  thoae  casee  where 
the  forcing  la  harmonic,  aeveral  programs  choose  to  Incorporate  damping  via 
a complex  stiffness  matrix. 

It  appears  from  the  survey  that  there  are  many  general  programs  avail- 
able for  solving  damped  reeponse  problems;  nevertheless,  there  are  eeveral 
areas  In  which  additional  research  would  be  helpful.  One  of  thq  main  diffi- 
culties Is  ascertaining  the  correct  demplng  valuea  to  be  Inserted  Into  the 
program.  It  la  clear  that  the  establishment  of  a compendium  of  damping  values 
for  a wide  variety  of  structures  and  materials  would  be  a useful  contribution. 
Further  research  Is  needed  In  modeling  systems  to  account  for  different  values 
of  daaqilng  in  different  elements  of  the  system.  Further  work  Is  also  needed 
for  systems  In  which  different  types  of  damping  mechanisms  (e.g.,  viscous  and 
hyateretlc)  are  acting  almultaneoualy.  Recent  work  [33],  has  shown  the 
utility  of  damped  forced  modes  In  the  analysis  of  damped  systems.  These  modes 
are  essentially  complex  but  they  uncouple  the  equations  of  notion  for  arbi- 
trary hyateretlc  damping.  They  are  a natural  way  of  solving  for  damped 
response  by  modal  superposition.  It  would  be  feasible  for  some  programs  to 
Incorporate  this  tachnlque  Into  their  nodal  superposition  routines. 
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Inertia  Matrices  for  Finite  Elements 


Vernon  H.  Neubert 

The  Pennsylvania  Slat.'  University 


INTRODUCTION 

The  representation  of  the  mass  distribution  of  a structure  has  received 
considerable  attention  from  the  developers  of  some  computer  programs.  The 
purpose  of  this  chapter  la  to  discuss  some  of  the  programs  and  the  mass  mat- 
rices used.  Attention  is  given  to  those  which  are  of  particular  interest 
because  of  schemes  used.  To  represent  elements  with  uniformly  distributed 
■ass,  the  two  main  choices  are:  a lumped  mass,  with  a diagonal  mass  matrix;  or  a 
consistent  mass,  with  a nondiagonal  mass  matrix.  The  chapter  la  divided  into 
four  parts:  theoretical  background,  computer  program  capabilities,  choice  of 

program  or  method,  and  anticipated  improvements.  The  chapter  deals  primarily 
with  computer  programs  which  were  developed  for  structural  analysis.  Two  pro- 
grams for  the  calculation  of  inertial  and  damping  contributions  of  a fluid  are 
briefly  discussed. 

NOMENCLATURE 

A ■ Cross-sectional  area 
c ~Jl! p - Speed  of  longitudinal  wave  in  bar 
E • Young's  modulus 
I » Area  moment  of  inertia 
J - Mass  moment  of  inertia 
[k]  * Stiffness  matrix 

l > Segment  length;  total  length  of  bar  or  beam 
[■]  ■ Mass  matrix 

N - Number  of  cells  per  wavelength  [9];  Number  of  segments  [18] 
p ■ Fluid  pressure 
R » [I/A]1'2  - radius  of  gyration 
SEM  ■ Shock  effective  mass 
t • Time 

(x)  ■ Displacement  matrix  for  structure 
a - Dimensionless  parameter  in  mass  moment  of  inertia  J 
8 • EIk'/CA£2 
Y ■ Influence  function 
p « Ap  ■ Mass  per  unit  length 
p ■ Mass  density 
t - Time  variable 
{$}  ■ Modal  vector 

u'  - Circular  natural  frequency  from  finite  element  model 
u • Exact  circular  natural  frequency 
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THEORETICAL  BACKGROUND 

Mass  matrices  may  be  needed  to  represent  Inertia  as  follows: 

1.  Rigid  body  Inertia.  A 6x6  matrix  Is  needed  to  represent  mass, 
moments  of  Inertia,  and  products  of  inertia. 

2.  Centrifugal  and  gyroscopic  loading. 

3.  Distributed  Inertia  of  a flexible  body. 

4.  Acceaslons  to  masa  of  a structure  due  to  motion  of  contsctlng  fluid 
or  soil. 

The  first  two  are  part  of  classical  mechanics  and  are  not  discussed  here. 
Number  3.  Is  of  primary  Interest  for  the  preeent  discussion. 

For  elements  of  flexible  bodies,  Newton's  laws  would  Indicate  that  masses 
be  lumped  at  the  center  of  mass.  This  la  not  efficient  because  It  would 
require  the  location  of  an  additional  degree  of  freedom  or  junction  point  at 
the  center  of  mass,  so  It  Is  most  cosmun  to  lump  masses  at  the  ends  or  corners 
of  elements.  In  the  1950' s the  "direct  stiffness"  matrix  method  evolved  from 
the  pre-computer  slope-deflection  method.  The  concept  that  stiffnesses  were 
forces  due  to  displacements  at  element  junction  points  was  quickly  extended 
by  Archer  [1]  to  the  concept  that  maeses  were  Inertia  forces  dus  to  accelsra- 
tlons.  He  used  the  term  consistent  mass  matrix,  the  term  consistent  meaning 
that  the  same  displacement  function  was  used  to  develop  the  nondlagonal  mass 
matrix  as  for  the  stiffness  matrix.  The  form  presented  by  Archer  wae: 

[m]  {x}  + [k]  (x)  ■ {0)  (1) 

At  sbout  the  same  time  Leckie  and  Llndberg  [2]  presented  the  same  matrix  In  a 
somewhat  less  useful  form,  that  is.  Imbedded  In  a dynamic  stiffness  matrix 

(k(u) ] - f[k)  - fmlai2]  (2) 

For  later  reference,  the  non-diagonal  consistent  mass  matrix  Is  derived  in  de- 
tail for  a bar. 


Consistent  Mass  Matrix  for  a Bar 


Direct  Derivation 

The  notation  for  a bar  Is  shown  In  Fig.  1. 


Fig.  1 Uniform  Bsr 

Archer  defined  Yt<«)  as  the  influence  line  for  force  at  1. 

Yi  - 1 - f and  Yj  - f 

1 . 2 

Then  m..  ■ pA  / (1  - -)  dx 

11  o e 

. shL 
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For  the  bsr  shown 
(3) 
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Bjj  ' PA  { (f)2  dx 
. ehL 

3 

l 

and  * pA  / (1  - j)  ^ dx 

. shL 
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The  consistent  mass  matrix  la: 

(b] 


1 

6 

1 
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(5) 


(6) 


(7) 
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Froa  Series  for  Impedance 

There  are  other  ways  to  derive  the  terms  in  the  consistent  use  matrix.  One 
vay  la  to  expand  the  Impedance  in  an  infinite  series  [3].  The  exact,  thin 
bar  solution  la  obtained  from  the  wave  equation  in  one  dimension. 


E 


9 V 

</ith  c • - 
P 


(8) 

(9) 


Steady  state  sinusoidal  motion  is  assumed.  The  boundary  conditions  are 
taken  such  that  boundary  motion  is  specified. 


u(0,t)  - a elut  and  u(f,t)  • 0 
o 


(10) 


The  solution  of  (8)  subject  to  (10)  is: 


, , ux  Lit  UX.  iut 

u(x,t)  - [cos  — - cot  — xin  — ) aoe 


(11) 


The  force  at  any  point  x la: 


3u  . _ AEu  , . ux  , ml 

AE  ■gj  (x,t)  — [sin  — ♦ cot  — 

UX,  iut 

cos  -J  ao. 

(12) 

la  needed  at  the  boundaries.  At  x • 0 

* S <»■•>■-  T' 

a e^* 
0 

(13) 
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and  at  x * l '■ 


AE  <*, O 


AE/jj  , . U il, 

— I»in  —1 
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i(l)t 
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, AE  A p*  2 7 Ap  < 4 
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(16) 


The  first  term  In  each  series  is  the  Btatlc  stiffness.  The  second  term 
has  dimensions  of  maSB  times  acceleration.  The  masses  are  the  same  as  Archer's. 
The  third  term  1b  mixed. 


Consistent  Mass  Matrix  for  a Beam 

Archer  gave  the  consistent  mass  matrix  for  Bernoulll-Euler  beam  segment: 
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(17) 


It  Is  not  easy  to  have  a physical  understanding  of  the  terms  In  the  matrix. 
However,  representation  of  rigid  body  motion  is  quickly  checked  for  three 


different  cases. 

The  kinetic  energy  T is: 

T • | {x)T(m]  {*} 

(18) 

. • T • • 

Case  1.  Translation  (x  } - (x  0 x 0) 

(19) 

T • \ (Ap*)  x2 

(20) 

This  Is  expected 

for  rigid  body  translation,  since  Ap  * Is  the  beam  mass 

» 

Case  2.  Rotation 

about  center  of  segment 

i;>T  ■ <f  i -f  i)  s 

(21) 

T - ifs  (i  <!>  i! 

(22) 

X 2 

The  (Ap*)  * Is  the  mass  moment  of  Inertia  of  a rigid  bar  about  Its 

center. 

Case  3.  Rotation 

about  end  of  segment 

(x)1  - (0  1 -*  1)  6 

(23) 

T » Y Ap*  (-j  *2)  b2 

(24) 

, One  of, the  problems  that  arises  Is  loss  of  mass  at  a clamped  end.  If 
Xi  • 0 and  * 0 for  a beam  clamped  at  the  left  end,  it  la  common  to  zero  out 
tne  mass  matrix  for  those  rows  and  coluans. 
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224  44 

For  pure  translation,  the  kinetic  energy  is  then  (special  case  1): 

T . - (*££)i5j  x2 

1 2 '420;  36  X 


(26) 


More  than  one  half  the  mass  is  lost  if  this  procedure  is  used  and  the  element 
is  deficient  in  predicting  shear  force. 


Consistent  Maas  Matrix  for  Beam  Including  Shear 
Deformations  and  Rotational  Matrix 

McCalley  [9,5]  appears  to  be  the  first  to  derive  the  consistent  mass  matrix 
for  a Timoshenko  beam  segment,  considering  shear  deformation  and  rotary  inertia 
of  the  cross  section.  He  was  given  credit  by  Archer  [6],  who  derived  the 
matrix  separately.  McCalley  presented  the  mass  matrix  as  the  sum  of  two  parts, 
a translational  matrix  [mt]  and  rotational  [my]  with  [m]  • [mt]  + [mr].  The 
complete  matrices  are  given  by  Przemlenleckl  [7].  One  term  of  each  matrix  is 
given  here  to  show  the  form  of  the  variables. 

11  + M g + 4gg2  . . . 


(®t  J 
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Here  B 
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and  R - (I  0 - radius  of  gyration.  If  the  rotary  inertia  of 


the  cross  section  is  neglected,  R ■ 0 and  [s^]  ■ 0.  If  the  shear  modulus  G -*•  ", 
6 4 0,  and  (■(]  approaches  the  consistent  mass  matrix  for  the  Bernoulll-Euler 
beam. 


Accuracy  of  Natural  Frequencies 

It  Is  well  known  now.  In  using  Rayleigh's  method  to  estimate  the  lowest  natural 
frequency  of  a system,  that  the  natural  frequency  vlll  always  be  greater  than 
the  exact  frequency,  provided  that  the  assumed  displacement  function  satisfies 
essential  boundary  conditions.  This  has  been  carried  over  to  finite  element 
systems  If  consistent  mass  matrices  and  compatlbla  elements  are  used.  For 
diagonal  mass  matrices,  the  netural  frequencies  usually  tend  to  be  lower  than 
the  exact,  but  not  always,  and  no  general  rule  is  known.  MacNeal  (9)  showed 
that  the  natural  frequencies  of  a uniform  bar  represented  by  lumped  mass  matri- 
ces and  stiffness  matrices,  based  on  a linear  displacement  function,  as  follows 
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will  he  given  by 
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where  N Is  the  number  of  cell*  per  wavelengh.  tiling  the  coniletent 
matrix  [9j 
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For  a Bernoulll-Euler  luoped-maas  hinged-hinged  beam  HacNeal  [6]  gives 
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Shock  Effective  Haas 

Justification  tor  using  the  conalatent  matrix  la  usually  made  baaed  on  the 
Increase  in  accuracy  of  the  natural  frequencies.  Unfortunately  much  leas 
attention  haa  been  given  to  the  accuracy  of  predicted  displacements  and  in- 
ternal forces.  In  a discussion  of  inertia,  it  is  appropriate  to  consider 
"shock  effective  mass"  as  developed  at  the  Naval  Research  Laboratory  and 
applied  to  ground  shock  problems  by  Belshelm  and  O'Hara  [10]. 

To  introduce  notation  consider  a system  under  translational  base  motion 
in  one  of  three  translation  directions: 

[m]  {ii>  + [kj  (x)  - -[m]  (x0)  (34) 

If  the  normal  modes  of  free  vibration  are  [91,  and  a change  in  coordinates 
is  made, 


(*)  ■ [9]  U(t)} 


(33) 


and  equation  (34)  becomes 

(MnlD  (q)  + iJj  Hn]D  {q>  - - W]T  [■)  (36) 

Expressing  q(t)  using  the  Duhamal  Integral: 

(Mnw  ]D  (q(t) } - - lfx„( t)  sin  w (t  - t)  dt]D  [♦  JT  [a]  {1>  (37) 

n n v n 

The  matrix  (1)  would  have  ones  In  the  positions  corresponding  to  the  direction 
of  shock  and  seroes  in  the  remaining  positions. 

From  (34),  the  inertia  forcae  are: 


[m]  {{x>  ♦ (*()))  • " 00  M 


(38) 
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Since  {(-1T  fk]  [4]  -[^  Un2]0  (39) 

and  fk]  (4)  - f<MT  1 [M  u 2JD  - [m]  14]  [w  2]D  (40) 

n n n ■ 


the  Inertia  force*  can  be  written 


(m]{x)  + («]  (it0) 


-Ik]  |4>]  Cql 

-[■][4)[M  fl  [fbi  ii.(T)  a In  ui  (t  - x)  dx  ]D[  <|>]T  [m]  { 1} 
n n u n 


(41) 


The  Integral  haa  diaenalon*  of  acceleration  for  each  mode.  The  right  aide 
glvea  the  Inertia  force  at  each  point  due  to  the  baae  notion  (Xq)  plus  elastic 
deformation  (x),  relative  to  the  base.  Inertia  forces  can  be  calculated  for 
Individual  nodes  by  using  the  column  matrix  (4  ) for  the  nth  mode.  The  total 
shear  force  In  the  direction  of  the  shock  would  be 


- U)T  [k]  (4]  {q}  - {1}T  [m]  {i  + iQ)  (42) 

The  modal  shock  effective  mass  la 

SEM  - (1}T  [n]  (4  ) (4  >T  [m]  {1)/M  (43) 

n n n n 

where  M - (4  )T  [a]  (4  ) « 1 (44) 

n n n 

In  most  computer  programs.  O'Hara  [11]  showed  that  the  sun  of  the  nodal  effec- 
tive masses  equals  the  total  mass  in  the  mass  of  the  structure,  excluding  that 
at  the  aupports. 


Example  Problem:  Clamped- free  Bernoulll-Eular  Beam 

For  later  reference,  the  solution  to  a cantilever  beam  la  presented.  The  four- 
segment  bean  Is  ahown  In  Fig.  2. 


Fig.  2 Four  segment  cantilever  been 


The  problem  was  solved  using  a diagonal  mass  matrix  as  follows: 
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Three  values  of  a were  used,  namely  a - 1.7S,  17.5  and  35.  The  largest  value, 
a ■ 35  corresponds  to  rigid  body  moment  of  Inertia.  This  value  Is  usually  too 
high,  and  smaller  values  are  of  Interest. 

In  Table  1,  natural  frequencies  are  compared  to  the  exact  values  for 
Bernoulll-Euler  theory.  As  expected,  the  values  from  the  consistent  mass 
solution  are  the  most  accurate  and  are  all  higher  than  those  from  the  exact 
solution.  For  the  lumped  model,  the  value  of  a has  the  greatest  effect  on 
the  upper  four  frequencies,  or  upper  branch  of  the  spectrum.  The  best  value 
of  a would  appear  to  be  between  1.75  and  17.5.  It  1b  of  particular  interest 
that  the  lower  branch  frequencies  are  all  too  low,  but  the  upper  branch  may  be 
high  or  low,  depending  on  the  value  of  a. 

Table  2 shows  shock  effective  mass.  The  accuracy  of  the  consistent  mass 
representation  la  comparatively  poor  here.  In  fact,  for  the  first  four  modes, 
a lumped  mass  solution  with  a - 1.75  or  less  Is  the  most  accurate.  Similar 
trends  have  been  noted  for  bending  momenta. 

For  both  the  consistent  and  lumped  mass  models,  mass  Is  lost  at  the 
supports.  This  could  be  corrected  by  putting  a short,  mapsless  segment  at  the 
support  In  both  solutions. 


Mass  Matrices  for  Plates  and  Shells 

To  summarize  all  the  finite  elements  and  associated  Inertia  matrices  Is  be- 
yond the  scope  of  the  present  paper.  Reference  [7]  has  an  excellent  Intro- 
ductory chapter  on  inertia  properties  which  Includes  mass  matrices  for  some 
typical  structural  elements.  The  book  by  Zlenkiewicz  [12]  has  chapters  deal- 
ing with  curved  elements.  The  terms  isoparametric,  super-parametric  and  sub- 
parametric  are  defined  there.  For  the  present  discussion,  we  are  primarily 
concerned  with  whether  the  elements  are  compatible  or  not.  The  order  of  the 
polynominal  U3ed  to  develop  the  consistent  mass  matrix  is  directly  related  to 
accuracy  of  representation.  Some  properties  are  dlacuBsed  in  the  next  section 
under  specific  computer  programs. 


Accessions  to  Inertia  due  to  Fluid-Structure  Interaction 

Such  Interaction  Is  dealt  with  in  another  chapter.  Only  brief  mention  Is 
made  here  of  tiro  computer  programs  dealing  with  accessions  to  Inertia  due  to 
rigid  body  and  elastic  motions  of  a body  In  water. 

A review  of  literature  dealing  with  the  oscillation  of  rigid  cylinders  In 
water  was  given  by  Frank  [13].  He  developed  a solution  for  cylinders,  oscillat- 
ing In  or  below  tho  free  surface  of  very  deep  fluids,  as  a boundary  value  prob- 
lem by  distributing  source  singularities  over  the  submerged  portion  of  the 
cylinders.  He  calculated  curves  of  added  mass  and  damping  during  heave,  sway, 
and  roll.  A computer  program  YFA4  was  written  based  on  this  report. 

Chen  and  associates  [14]  developed  one  of  the  first  computer  programs  for 
finding  the  Interaction  between  an  elastic  structure  of  arbitrary  shape,  in 
contact  with  an  infinite  fluid.  The  mobilities  of  the  structure  are  determined 
on  mesh  points  at  the  Interface.  The  surface  of  the  contacting  fluid  Is  rep- 
resented by  a series  of  triangles  and  the  mobilities  found  for  the  fluid  sur- 
face. The  steady-state  velocities  can  then  be  determined  due  to  specified 
sinusoidal  excitation  end  the  far-fleld  sound  pressure  determined,  one  drive 
frequency  at  a time. 

Zlenklevlcz  [12]  formulated  the  equations  for  the  coupled  motion  of  an 
elastic  structure  ano  a fluid  and  arrived  at  the  following  coupled  differential 
equations: 

[m]  {*}  + [c]  {i}  + [k]  (x)  + i [S]T  {p}  + {R}  - 0 (46) 


[Cl  fp}  - [S]  fx)  + [H]  {p}  - 0 (47) 
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Table  1 Clamped-free  Bean  Natural  Frequencies 
UJn(Wf4/EI)1/2 


n 

Uniform 

Beam 

Lumped  Mass  - 4 
a - 1.75  a - 17.5 

segment 
a ■ 35 

Consistent 

Hass 

1 

3.5160 

3.416 

3.398 

3.379 

3.516 

2 

22.034 

20.022 

19.434 

18.834 

22.060 

3 

61.697 

52.894 

50.218 

47.481 

62.175 

4 

120.902 

92.424 

89.067 

83.757 

122.658 

5 

199.860 

515.215 

166.524 

122.476 

228.137 

6 

298.555 

633.788 

210.240 

156.960 

366.390 

7 

416.991 

768.032 

250.259 

181.744 

580.849 

8 

555.165 

849.644 

275.280 

201.436 

953.051 

Table  2 Clamped-free  Shock  Effective  Hass 


n 

Uniform 

Lumped  Mass  - 

4 segment 

Consistent 

Beam 

a - 1.75 

a - 17. 

5 a - 35 

Mass 

1 

0.6131 

0.5982 

0.5917 

0.5847 

0.6077 

2 

0.1883 

0. 1895 

0.1870 

0.1845 

0.1729 

3 

0.0647 

0.0635 

0.0617 

0.0592 

0.0451 

4 

0.0331 

0.0232 

0.0266 

0.0270 

0.0132 

5 

0.0200 

0.0002 

0.0031 

0.0127 

0.0030 

6 

0.0134 

0.0004 

0.0035 

0.0054 

0.0008 

7 

0.0096 

0.0002 

0.0012 

0.0015 

0.0001 

8 

0.0074 

0.0000 

0.0000 

0.0000 

0.0000 

Total 

0.9494 

0.8752 

0.8748 

0.8750 

0.8428 

Here  p - fluid  density  and  (S ] ■ / [N]  p [N]  dS  with  S the  fluid-structure 
Interface.  _ ® 

Also,  UR  • [N]  { S> , the  normal  component  of  structural  displacement . The 
matrix  N represents  the  shape  functions  defining  the  pressure  distribution. 
References  are  given  In  (12]  in  which  particular  problems  have  been  solved. 

Of  special  Interest  Is  that  of  an  Incompressible  fluid,  for  which  (47)  becomes 

(p)  ■ [HJ*1  [S]  (x)  (48) 


f 
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substitution  Into  (46)  gives  an  added  Bass  matrix  for  the  structure 

^ [S)T  [HJ-1  (S)  (49) 

INERTIA  MATRIX  CAPABILITIES  OF  COMPUTER  PROGRAMS 

Some  typical  computer  programs  are  discussed  with  regard  to  the  types  of  In- 
ertia matrices  generated,  the  reasons  given  for  choice  of  matrices,  and  some 
experiences  influenced  by  choice  of  matrices. 


STRUDL  II  [15,16] 


All  of  the  finite  elements  have  routines  which  calculate  lumped  or  consistent 
mass  matrices.  Additional  concentrated  masses  may  be  applied  at  nodeB.  When 
isoparametric  elements  are  used,  the  lumped  or  diagonal  mass  matrix  is  calcu- 
lated by  first  calculating  the  consistent  mass  matrix  and  then  Bumming  appro- 
priate matrix  elements.  As  indicated  in  the  discussion  of  SLADE  D,  this  pro- 
cedure gives  the  correct  dimensions  but  not  necessarily  the  best  magnitude  for 
elements  in  the  diagonal  mass  matrix. 

If  the  number  of  static  degrees  of  freedom  is  greater  than  the  number  of 
dynamic  degrees  of  freedom,  or  if  some  of  the  masses  are  small  enough  to  be 
neglected,  matrices  are  condensed.  The  matrices  are  partitioned  and  it  Is 
assumed  that  m^2  and  mj2  are  small. 
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Then  x^  • -k^j  k12  X1  <uui  conden*e,,  matrices  are 
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(51) 

(52) 

(53) 


When  static  condensation  is  specified  In  STRUDL,  kf,  Is  computed,  but  m*  is 
approximated  by  m,^.  When  kinematic  condensation  Is  specified,  both  kj^A and 
m*  are  calculated. 

Jones  and  Gllkey  [17],  reported  that  both  condensations  were  operative  In 
STRUDL  and  presented  results  for  several  problesui.  Those  for  a clamped-free 
Bernoulli-Euler  beam  are  of  particular  Interest,  because  static  condensations 
were  used.  Their  natural  frequencies  were  for  a particular  beam  with 

[EI/Apl^]1^  « 1.8216076.  Given  frequencies  were  divided  by  that  number  to 
arrive  at  the  values  In  Table  3. 

It  should  be  noted  that  when  atatlc  condensation  Is  used,  the  natural  fre- 
quencies by  the  consistent  mass  method  are  not  necessarily  higher  than  the 
exact  values.  When  no  condensation  is  used,  twice  as  many  consistent  mass  fre- 
quencies are  calculated  as  recorded  here.  The  values  by  the  lumped  mass  method 
agree  well  with  those  in  Table  1 for  a ■ 35. 
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Table  3 Clamped-Free  Beam  Natural  Frequencies 


NO 

STATIC  CONDENSATION  [17)  CONDENSATION* 


n 

Exact 

Frequency 

Two  Segaenta 

L.N.  C.M. 

Four  Segaenta 

L.M.  C.M. 

Four  Segments 
L.M.  C.M. 

1 

3.516 

3.16 

3.36 

3.42 

3.48 

3.38 

3.516 

2 

22.034 

16.26 

21.20 

20.09 

22.46 

18.48 

22.06 

3 

61.697 

53.21 

66.11 

47.49 

62.15 

4 

120.902 

92.74 

126.34 

83.77 

122.55 

♦Received  by  telephone  froa  T.  J.  Jonee,  Kay  26,  1975. 


NAS TRAN  [9] 

In  the  NAS  TRAN  theoretical  aanual , Inertia  propertlaa  have  two  different  kinds 
of  applications  In  linearised  structural  analysis:  aa  generators  of  applied 

loads  In  static  analysis  and  as  generators  of  matrix  coefficients  in  dynastic 
analysis.  The  foraar  Includes  gravity  loads,  centrifugal  loads,  and  Inertia 
relief  affects.  The  latter  Includes  the  matrix  of  ordinary  Base  coefficients, 
and  also.  In  problems  of  rotating  coordinate  systaaa,  aasses  of  Coriolis  deal- 
ing coefficients  and  centrifugal  atlffnesa  coefficients.  Treatment  of  dynaailc 
Inertia  effects  In  rotating  coordinate  systaaa  Is  conteaplated,  but  not  yet 
completed.  In  NAS TRAN. 

Both  luaped  suss  and  consistent  mass  matrices  are  used  for  finite  elements. 
A list  of  elements  and  the  aatrlcaa  used  la  given  In  Table  A. 

Equations  (29)  through  (33)  are  given  In  the  annual.  Based  on  the  differ- 
ence In  sign  of  the  second  tens  in  the  frequency  of  the  bar  frequency  Eos. 

(30)  and  (32),  the  aanual  suggests  an  average  of  the  luaped  mass  and  conelstent 
aass  aatrlcaa  be  ueed. 


The  error  In  this  case  Is  consldsrably  less  and  Is  given  by 


Equation  (54)  has  been  adopted  in  NA8TRAN  as  the  coupled  aaas  aatrlx  for 
rode  and  bare,  and  will  be  used  for  torsion  of  beaas,  If  distributed  torsional 
Inertia  la  conaldered  for  beaa  elaaante. 

For  plates,  uniformly  distributed  aass  consists  of  two  parts:  the  mass 

of  the  etructural  material, and  nonstructural  aass,  the  surface  density  of  which 
Is  specified  by  the  user.  In  the  luaped  aass  as t hod,  ona-thlrd  of  the  aass  of 
a triangular  eleaent  la  placed  at  each  of  Its  vertices,  which  preserves  the 
location  of  the  center  of  gravity.  A quadrllaterlal  la  treated  as  a set  of 
four  overlapping  triangles,  whose  aasses  are  transferred  separately  to  the 
eurroundlng  grid  points. 

The  aanual  presents  derivations  of  aass  aatrlcas  for  various  alsaents, 
which  are  not  repeated  here.  It  points  out  how  continuity  between  piste  ele- 
aente  any  be  obtained  by  uelng,  for  exaapla,  the  Clough  triangle.  Maintaining 
continuity  aay  be  Interpreted  as  applying  constraints,  which  aeans  that  If  con- 
sistent aaas  la  used,  natural  frequencies  will  be  too  high.  It  Is  stated  In 
[9]  that  "It  does  not  follow,  however,  that  eleaents  with  dlsplaceaant  contin- 
uity give  better  results  than  all  other  eleaents". 
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Table  6 NASTRAN  Mass  Matrices  for  Finite  Elements 


Consistent  Mass 

Lumped  Mass 

Bars 

/ (special) 

/ 

Beams 

/ 

Plates  (Lateral) 

/ 

Plates  (In  Plane) 

/ 

/ 

Doubly  Curved  Shell 

Solid  of  Revolution 

/ 

Shear  Panels 

/ 

Twist  Panels 

/ 

Conical  Shell  Element 

✓ 

Constant  Strain  Solid  Element 
Isoparametric  Quadrilateral  Membrane 

/ 

Element  QDMEM  1 

/ 

QDMEM  2 Element 

/ 

For  the  in-plane  deformation  of  plates,  one-third  the  masB  of  each  element 
Is  placed  at  each  of  its  vertices,  an  arrangement  which  preserves  the  location 
of  the  center  of  gravity.  Consistent  mass  methods  are  not  applied  to  shear  and 
twist  panels  because  they  are  incomplete  physical  objects.  The  elements  for 
membrane  action  of  plates  use  lumped  mass  matrices  because  the  models  built  from 
such  elements  tend  to  be  too  stiff  and  the  use  of  any  consistent  mass  method 
would  tend  to  further  increase  the  calculated  frequency. 

The  NASTRAN  program  Includes  the  problem  of  compressible  fluids  in  axlsym- 
metrlc  tanks  and  compressible  fluids  in  rotatlonally  symmetric  cavities  with 
slots.  For  the  first  problem,  the  equations  of  motion  are  linearized  by  assum- 
ing fluid  motions  are  small  compared  to  the  dimensions  of  the  container.  The 
shape  of  the  container  must  be  axlsymraet ric  to  simplify  analysis  of  the  fluid, 
but  the  container  structure  need  not  have  axisymmetric  mechanical  properties. 
Effects  of  gravity  on  a free  surface  are  Included.  The  solution  for  fluids  in 
rotatlonally  symmetric  cavities  with  slots  does  not  include  Interaction  with 
the  surrounding  structure. 


SLADE  D [18] 


This  program  is  of  particular  interest  because  of  the  attention  given  to  the  ef- 
fect of  the  choice  of  a mass  matrix  on  natural  frequencies  and  dynamic  deforma- 
tions, velocities,  stresses,  and  stress  resultants.  The  program  uses  a double 
curved  arbitrary  quadrilateral  element,  which  la  based  on  a minimum  potential 
energy  principle  for  thin  shells.  An  explicit  difference  scheme  is  used.  The 
program  allows  up  to  five  separate  layers  and  up  to  five  separate  elastic  an- 
isotropic materials  with  temperature-dependent  properties.  A diagonal  mass 
matrix  la  used. 

A consistent  mass  matrix  Is  derived  for  a bar,  or  a one-directional  mem- 
brane , using  the  Hermlte  Interpolation  fora  of  the  cubic  polynomial.  The  re- 
sult is  the  same  as  that  given  by  Archer  for  the  lateral  tending  of  a beam, 

Eq.  (17).  As  expected,  the  stiffness  matrices  arc  different  for  the  bar  and 
beam  using  the  third  order  polynomial.  The  fora  of  the  4x4  diagonal  mass 
matrix  is  then  obtained  by  considering  first  only  nodal  displacemsnts. 

For  pure  translation,  the  off-diagonal  masses  were  added  to  the  diagonal: 
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For  the  purpose  of  determining  dimensions,  tha  off-diagonal  gradient 
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terms  nre  added  to  the  diagonal  Inertias: 

31  i u a J 

m22  + ra24  ' (105  ' 140)  * 420 

.3  . 1 1 . Hi3  fS?) 
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Recognizing  that  this  is  not  the  best  value , they  use  a multiplier  a and  the 
diagonal  masB  matrix  for  a bar  or  beam  based  on  a cubic  polynomial  is  given  as 
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In  Fig.  3,  the  ratio  of  u to  the  exact  frequency  is  plotted  versus  n/N, 
where  n is  the  nth  frequency  and  N is  the  number  of  elements.  Note  that  there 
is  a discontinuity  between  the  lower  branch  and  upper  branch  of  each  curve. 

The  trend  in  frequencies  follows  that  of  Table  1,  for  the  clamped-f ree  beam. 

For  the  36  x 36  mass  matrix  for  the  shell  element,  the  diagonal  mass  matrix  is 
obtained  by  adding  four  terms  of  the  36  x 36  consistent  mass  matrix,  for  ex- 
ample! 

(\,k>d  ' "k,l  + "k,10  + \,19  + “k,28  k ■ M0-19-28 

<Vk>d  ’ “■  (Bk,2  + Vll  + mk,20  + "k,29>  k ' 2>U’20’29  (59) 

K.^d  * “b  (\,8  + *k,17  + “k,26  + "k,35)k  “ 8*17'26’35 

A criterion  is  then  given  to  relate  the  time  Interval  At  to  1,  the  eigenvalues 
of  the  m-lk  matrix. 


Require  At  < 


Here  c ■ /E  and  c, 


Membrane  X^^  » 70  c 2/a  £2 
Bending  X • 2520  c 2/a 

RaX  0 


/th  for  membrane  and  bending  deformations. 

v 12p 


The  result  given  la 


At  < 0.239  — 0 < a <14.6 


At  < 0.0398  — /T  0 * “b  < 52,5 
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Fig.  3 Frequency  retlo  versus  n/N  for  both  conelstent  sees  end  dlegonel  mass 
discretization  of  the  pln-pln  been  equation  using  a cubic  displacement  func- 
tion. Ref.  [18].  p.  35 

The  non-exact  mass  aatrlces  cause  a distortion  of  the  natural  frequency 
spectrum  w'/iii.  When  the  dynamic  equations  are  Integrated  numerically,  a 
further  distortion  occurs.  Taking  this  Into  account  values  of  Oj,  » 14.6  and 
ab  - 17.5  are  recommended,  since  they  produce  a frequency  spectrum  u/oo  without 
a jump  between  the  upper  and  lower  brancea,  at  n • 1. 

Several  example  problems  are  solved  in  [18]  and  some  results  compare 
favorably  with  those  from  other  computer  programs.  One  example  Is  for  the 
membrane  behavior  of  a cylindrical  shell  of  very  large  radlus-to-thlckness 
ratio  and  aero  Poisson's  ratio.  A unit  step  In  pressure  Is  applied  to  the 
end  of  the  cylinder  and  should  travel  down  the  cylinder  without  dispersion. 

The  solution  for  a fixed  point  on  the  cylinder  Is  shown  in  Fig.  4 for  lumped 
maes  and  consistent  mass  representations.  The  authors  prefer  the  linked  mass 
results  over  thoee  from  the  consistent  mass  calculstions.  The  following 
points  of  difference  are  mentioned  In  [18]: 

The  overshoots  In  stress  sre  less  for  the  lumped  mass  results. 

The  consistent  mass  required  twice  as  much  computation  time. 

The  early  arrival  time  of  a significant  amount  of  Information  In  the  con- 
sistent mass  calculations  esnnot  be  tolerated  in  more  cosipllcated  problems. 

The  following  two  paragraphs  are  quoted  from  page  41,  [18]. 

"It  Is  clear  that  a diagonal  mass  representation  Is  superior  to  a consis- 
tent mass  representation  from  a work  standpoint.  Another  facet  of  their  re- 
spective behaviors  is  also  Important.  For  ths  uniform  bar,  the  wave  equation 
gives  a nondlsperslve  resultant  and  Is  used  as  ths  standard  (In  two  figures). 
The  consistent  mass  representation  gives  a dispersive  result  where  the  higher 
frequencies  travel  too  fast.  The  result  is  a wave  traveling  faster  than  the 
velocity  c„.  The  diagonal  mass  representation  also  gives  a dispersive  result 
but,  for  larger  values  of  the  gradient  inertia  parametar  (a),  the  higher  fre- 
quencies travel  slower  than  c„.  Aa  a result,  stress  pulses  will  not  travel 
faster  than  c,,  a more  realistic  result. 

For  the  uniform  beam,  the  biharmonic  equation  gives  a dispersive  result 
where  higher  and  higher  frequencies  travel  at  faster  and  faster  velocities  and 
la  used  as  the  standard  (in  two  othar  figures  In  the  report).  This  Is  phys- 
ically unrealistic  behavior.  Tha  consistent  mass  representation  gives  an  even 
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Fig.  It  Stress  at  point  on  cylindrical  shell  due  to  step 
function  input.  Ref.  [18],  p.  136. 


greater  dispersion  at  higher  frequencies,  resulting  In  an  even  less  realistic 
behavior.  The  diagonal  aaas  representation  Is  also  dispersive,  but  at  the 
higher  frequencies  falls  off  towards  what  Is  the  sore  realistic  behavior  of 
the  Timoshenko  beaa." 


SAP  IV  [19] 

The  program  uses  only  dlagonsl  aaas  matrices.  The  Justification  Is  based  on 
reference  [20].  The  following  discussion  summarises  soma  relevant  cownts 
from  that  reference.  In  [20]  It  Is  ststed  that  It  Is  evident  that  the  consis- 
tent mass  matrix  provides  a batter  approximation  of  the  Inertia  forces  acting 
In  the  structure  than  Is  obtained  for  the  elaatlc  forces  from  the  correspond- 
ing (consistent)  stiffness  matrix.  This  Is  said  to  be  because  the  suss  matrix 
Is  derived  from  assumed  displacement  functions,  while  the  stiffness  matrix 
Involves  derivatives  of  the  displacement  -functions,  and  derivatives  ars  less 
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accurate  than  the  displacements.  For  thlB  reason  It  la  suggested  that  It  would 
be  reasonable  to  employ  a lower  order  Interpolation  function  In  formulating  the 
mass  matrix.  The  only  simplified  mass  matrix  of  practical  significance  Is  the 
lumped  mass  matrix.  An  example  la  then  discussed  In  [20]  for  an  arched  dam  and 
Its  solid  rock  foundation  In  which  469  degrees  of  freedom  were  used.  The  lump- 
ed mass  analysis  required  63  seconds  and  the  consistent  mass  76  seconds.  Based 
on  this  small  difference  In  cost.  It  was  decided  to  use  only  consistent  mass  on 
repeat  runs  of  that  structure.  It  la  stated  that  the  results  do  not  indicate 
whether  the  consistent  mass  frequencies  are  more  accurate  than  the  lumped  mass 
frequencies. 

Element  library  in  SAP  IV  includes: 

Three-dimensional  truss  element 

Three-dimensional  beam  element  including  torsion,  bending,  axial 
and  shearing  deformations 

Plane  stress,  plane  strain  and  axlaymmetrlc  elements.  Element  Is 
based  on  an  Isoparametric  formulation.  Incompatible  displace- 
ment modes  can  be  included  to  Improve  the  bending  properties 
of  the  element 

Three-dimensional  solid  element,  which  employs  Incompatible  modes 
Varlable-number-nodes  thick  shell  und  three-dimensional  element 
Thin  plate  and  shell  element 
Pipe  element 


ASKA  II  [21] 

The  ASKA,  Part  II,  package  for  dynamic  analysis  Is  called  DYNAN.  The  program 
continues  to  be  developed  and  will  probably  be  one  of  the  best-planned  pro- 
grams with  a great  many  options.  Of  Interest  here  la  that  consistent  mass 
matrices  are  programmed  for  every  element.  Over  forty  elements  are  available. 
Static  and  dynamic  condensation  may  be  used.  An  excellent  review,  including 
a listing  of  available  elements,  was  presented  by  Meljers  [22],  Including  re- 
sults of  experience  of  Part  I,  the  static  ASKA  package. 


SNAP  [23] 

The  SNAP  program  was  designed  to  solve  rapidly  extremely  large  finite  element 
problems.  This  writer's  knowledge  of  the  program  Is  limited  to  Information  ob- 
tained from  a brief  brochure.  The  program  Is  said  to  be  much  less  expensive 
than  other  programs  for  solving  dynamic  problems.  Some  of  the  cost  saving  ap- 
parently la  due  to  the  use  of  a generalization  of  Stodola's  method  for  solving 
for  lower  modes. 

There  are  three  options  for  representation  of  Inertias:  (1)  the  lumped 

mass  method,  with  lumping  of  distributed  structural  and  non-structural  mass 
done  automatically  by  the  program,  (2)  the  consistent  mass  mstrlx  method, 
which  is  available  only  for  beams  and  certain  membrane  elements  and  (3)  a 
"pseudo-consistent"  mass  matrix  method  which  la  said  to  yield  lower  computer 
costa  than  the  consistent  mass  method,  and  Is  lass  accurate.  The  "pseudo- 
consistent"  mass  matrix  la  not  presentad,  but  It  Is  apparently  derived  by 
using  a linear,  or  first  order,  displacement  function.  This  results  in  a 
non-diagonal  maaa  matrix.  Host  of  the  time  saved  would  be  In  generating  the 
matrix  for  each  element. 

i 

( 

ATLAS  [24] 

} 

ATLAS  Is  a general  purpose  computer  progrsm  for  the  analysis  of  large  complex 
structures.  It  la  an  example  of  a program  with  special  features  for  design 
and  analysis  of  air  vehicles.  The  following  analysis  capabilities  are  Incorp- 
orated: static  response  to  concentrated  and  distributed  loads  and  enforced 
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displacements;  determination  of  real  eigenvalues  and  eigenvectors  for  use  In 
vibration  analysis;  computation  of  steady  state  air  loads  for  use  In  static 
analysis  of  aircraft;  computation  of  unsteady  air  loads  for  use  In  flutter 
prediction  analysis  of  aircraft;  and  a substructure  capability  for  static 
interaction  of  structural  subcomponents. 

The  elements  listed  In  [24]  are:  point  mass,  rod  element,  plate  element, 

spar  element,  and  cover  element.  Mass  data  Is  computed  from  densities  and 
dimensions  of  elements.  Diagonal  mass  matrices  are  frequently  mentioned  In 
[24],  but  It  la  understood  that  consistent  mass  matrices  are  sIbo  available  for 
some  elements.  In  addition,  mass  data  Is  generated  for  payloadB  and  payload 
management  systems  and  for  fuel  and  fuel  management  systems.  The  fuel  is 
treated  as  rigid  mass.  An  option  Is  available  for  calculating  fuel  mass  by 
Identifying  the  tank  and  specifying  percentage  fullness  of  the  tank,  which 
Indicates  the  extent  to  which  calculation  of  masses  and  weights  has  been  auto- 
mated. No  discussion  regarding  preference  of  mass  matrix  was  available  In  the 
portion  of  [24]  dealing  with  mass  representation. 

ARAB  [25] 

ARAB  Is  an  example  of  a computer  program  developed  to  predict  sound  radiation 
from  an  arbitrary  elastic  body.  The  theory  is  presented  In  [14]  and  more  de- 
tails were  outlined  In  [25].  Although  far-field  sound  pressures  may  be  calcu- 
lated, one  of  the  unique  features  of  the  program  la  the  solution  for  the  inter- 
action between  a fluid  and  a structure.  The  velocities  of  grid  points  on  the 
structural  side  of  the  Interface  are  matched  with  the  velocities  of  triangular 
pistons  radiating  Into  the  fluid.  These  velocities  are  Initially  unknown.  In 
general,  since  the  specified  inputs  are  usually  forces  on  interior  or  inter- 
face points  on  the  structure.  As  an  option,  Interface  velocities  may  be  spec- 
ified. 

Many  examples  have  been  calculated  under  Chen's  direction.  Two  examples 
were  presented  In  [14].  The  first  is  for  a piston  In  a sphere  using  BO  tri- 
angular pistons  to  represent  the  spherical  surface  for  one  computer  run  and  320 
for  another.  Predicted  sound  pressure  Is  compared  with  that  from  an  exact  so- 
lution. The  second  example  is  for  a cylindrical  shell  excited  by  a point  radi- 
al sinusoidal  force.  On  the  cylinder  120  discrete  masses  were  used.  The  radi- 
ation pattern  Is  associated  with  low  order  shell  modes.  Experimental  values 
are  compared  with  theoretical  values  at  the  one  drive  frequency. 

One  of  the  main  drawbacks  of  solving  the  interaction  problem  Is  cost, 
since  many  points  are  usually  used  to  represent  a practical  structure.  In 
addition,  one  computer  run  gives  a solution  for  only  one  drive  frequency.  As 
the  frequency  Is  Increased,  the  grid  spacing  must  be  decreased.  Foe  the  fluid 
aide,  the  grid  spacing  should  be  less  than  one-fourth  the  wave  length  In  the 
fluid. 

For  the  structure,  only  diagonal  mass  matrices  are  used.  The  pistons 
which  excite  the  fluid  are  plane,  rigid  triangles.  The  fluid  Is  assumed  to 
be  of  Infinite  extent.  There  are  no  provisions  to  account  for  free  surfaces. 

An  Important  use  for  the  program  Is  to  Identify  the  terms  which  represent 
virtual  mass  and  damping  of  the  fluid.  These  could  be  added  to  the  structure 
matrices  and  the  structure  solved  without  doing  the  Interaction  problem  on  sub- 
sequent runs.  Transient  problems  could  be  solved  If  average  values  of  virtual 
mass  and  damping  could  be  used  over  particular  frequency  ranges. 

YFA4  [26] 

Computer  program  YFA4  Is  based  on  the  theory  and  program  originally  developed 
by  W.  Frank  [13].  It  provides  the  pressures,  added  mass,  and  damping  of  a rig- 
id horizontal  cylinder  oscillating  in  heave,  sway,  or  roll  while  located  in  or 
below  the  free  surface. 

The  theory  deals  with  a cylinder,  of  infinite  length,  which  Is  sysoetrlc 
about  Its  vertical  centerplane.  The  velocity  potential  Is  represented  by  a 
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distribution  of  sources  over  the  submerged  cross  section.  The  unknown  strengths 
of  the  distributed  sources  are  obtained  by  satisfying  the  kinematic  boundary 
conditions  on  the  cylinder.  To  solve  the  Integral  equation,  the  cylinder  con- 
tour Is  represented  by  a finite  number  of  stralght-llne  segments  along  each  of 
which  the  source  density  Is  assumed  to  be  constant. 

Reference  [26]  gives  some  limitations  of  the  program.  For  example,  wrong 
results  may  be  produced  If  the  cylinder  has  horizontal  lines  as  part  of  its  top 
or  bottom  contour.  Also,  two  points  cannot  have  identical  vertical  coordinates. 
There  Is  difficulty  with  Irregular  frequencies  at  which  the  matrix  of  influence 
coefficients  becomes  singular.  This  Is  usually  out  of  the  range  of  Interest 
for  practical  ahlp  dlmenalons.  It  causes  discontinuities  In  plots  of  computed 
values  versus  frequency.  Values  away  from  the  discontinuities  Bhould  be  reli- 
able . 

In  [13],  examples  of  added  mass  and  damping  versus  frequency  curves  are 
given  for  various  motions.  Rectangular  and  circular  cylinders  are  considered, 
as  well  as  a ship  cross  section. 


CHOICE  OF  PROGRAM  AND  INERTIA  MATRIX 

An  excellent  sumnary  of  coaqiuter  programs  for  structural  analysis  was  made  by 
Bushnell  [27],  who  compared  over  50  computer  programs.  The  Items  listed  for 
each  program,  with  324  aub-ltems,  are  as  follows:  geometry,  boundary  conditions; 

wall  construction;  material  properties;  loading;  phenomena;  discretization;  so- 
lution methods;  computer  program  distribution,  documentation,  organization,  and 
maintenance.  In  Table  5,  seven  Items  or  capabilities  for  seventeen  computer  pro- 
grams are  Hated.  Those  programs  which  are  listed  in  [27]  are  Indicated  by  4-, 
and  the  reader  la  referred  there  for  more  details,  and  for  more  programs. 

The  main  choice  In  inertia  matrices  for  finite  elements  at  present  Is  be- 
tween diagonal  mass  and  consistent  mass  matrices.  There  are  many  programs 
which  offer  both,  so  one  would  not  choose  the  program  primarily  because  of  the 
mass  matrix  used.  Other  factors,  such  as  coat,  availability  of  program,  finite 
element  catalogue,  and  experience  would  be  Important.  If  one  were  developing 
a program,  a good  general  purpose  program  should  have  a choice  of  mass  matrices; 
a specialized  program  need  only  have  the  best  matrix  for  the  particular  problem 
to  be  solved.  With  regard  to  inertia  matrices,  the  following  factors  may  affect 
choice  between  consistent  and  diagonal  mass  matrices. 

1.  The  consistent  mass  matrix  Is  more  expensive  to  run  than  a diagonal 
mass  matrix.  Sometimes  the  difference  In  coat  la  minimal,  however. 

2.  The  consistent  mass  matrix  usually  glvss  frequencies  which  are  mure 
accurate  for  the  same  number  of  elements. 

3.  The  consistent  mass  matrix  nay  produce  stress  results  which  are  less 
accurate.  Not  enough  study  haa  been  made  of  stress  and  deformation  predictions. 

4.  If  compatible  elements  ere  used  with  a consistent  mass  matrix,  the 
natural  frequencies  will  all  be  too  high.  Sometimes  It  is  an  advantage  to 
know  this,  because  an  upper  bound  is  established  for  frequencies.  On  the  other 
hand.  It  may  be  undesirable  to  have  high  frequencies  In  wave  propagation  or 
transient  problems,  because  some  waves  will  travel  too  fast  [18].  With  diago- 
nal mass  matrices,  some  waves  may  travel  too  slow. 

5.  If  condensation  methods  are  used  In  which  the  consistency  of  the  mass 
matrix  la  not  maintained  for  compatible  eleownta,  the  frequencies  may  be  too 
high  or  too  low. 

6.  Clough  [20]  suggested  that  the  consistent  suss  matrix  la  more  accurate 
than  the  associated  stiffness  matrix.  Such  accuracy  may  not  be  justified.  He 
suggested  that  lumped  masses  may  be  sufficiently  accurate.  The  idea  In  one 
option  of  the  SNAP  program  to  use  a higher  order  polynomial  for  the  stiffness 
matrix  than  the  mass  matrix  may  have  merit  - resulting  in  a non-diagonal,  non- 
conalstent  mass  matrix. 

7.  In  some  programs,  a diagonal  mass  matrix  Is  obtained  by  adding  appro- 
priate off-diagonal  terms  of  a consistent  mass  matrix.  This  practice  does 

not  yield  the  best  diagonal  mass  matrix.  The  values  of  terms  having  dlmenalons 
of  rotary  Inertia  may  not  ba  the  best  to  use.  In  fact,  if  diagonal  mass  matrl- 
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res  are  used,  lc  Is  often  better  to  use  more  translational  dynamic  degrees  of 
freedom  and  to  omit  the  rotary  Inertia  associated  with  the  length  of  the  element. 
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ANTICIPATED  IMPROVEMENTS 

Some  Improvements  In  representation  of  Inertia  properties  may  result  from  Im- 
provements In  finite  elements  for  solution  of  static  problems.  Activity  In  the 
development  of  better  finite  elements  is  summarized  In  the  review  papers  In  the 
publication  edited  by  Fenvea,  et  al.  [28],  Wilson,  et  al.  [29],  place  emphasis 
on  the  Importance  of  Incompatible  displacement  models  in  Improving  element  ac- 
curacy. They  present  exasq>la  problems  In  which  static  stresses  as  well  as  dis- 
placements are  compared  for  a cantilever  beam  and  a cylindrical  shell. 

There  have  been  suggestions  to  Improve  accuracy  for  dynamic  analysis  by  In- 
cluding higher  order  terms  such  as  those  In  the  infinite  series  for  the  force/ 
Input  relationship  for  a bar  in  Eqe.  (14)  and  (16).  Naubert  and  associates  [30], 
[31]  have  developed  macro-finite  elements  for  bars  and  beams  In  which  a diagonal 
mss  Mtrlx  results  and  whera  both  forces  and  displacements  are  accurate  at  the 
boundaries  in  the  low  frequency  range.  The  process  Involves  using  exact  rela- 
tionships, such  as  In  Eqs.  (13)  and  (15)  to  develop  the  Mcro-flnlte  elements. 
Emphasis  Is  placed  on  Improved  accuracy  using  fewer  degrees  of  freedom.  In  pre- 
dicting displacements  and  Internal  forces  In  ground  shock  problems. 

Ellas  [32]  used  a force  Mthnd  to  arrive  at  an  additional  "elastlc-lner- 
tlal"  flexibility  matrix.  His  matrix  for  a pin-ended  truss  member  element  in-, 
eludes  terms  of  the  ssm  magnitude  and  dimensions  as  the  mixed  third  terms  In 
the  series  In  Eqs.  (14)  and  (16).  Examples  using  the  force  Mthod  and  a dis- 
placement method  are  presented,  Including  natural  frequencies,  displacements, 
and  chosen  mode  shapes.  Only  bar  and  beam  elements  are  considered.  For  any 
Improvements  to  be  Incorporated  Into  general  purpose  computer  programs,  it  Is 
desirable  that  they  apply  to  a wide  range  of  finite  elements  Including  plates 
and  shells. 

Some  economy  My  be  gained  by  using  non-diagonal  mss  Mtrlces  based  on 
lower  order  functions  than  those  used  In  deriving  the  stiffness  Mtrlces,  re- 
sulting in  a nonconslstent  mass  Mtrlx. 

Thera  Is  need  for  lmproveMnt  In  the  accuracy  of  the  prediction  of  dynamic 
defonutlons  and  stresses.  The  efficiency  also  could  be  Increased  in  dynamic 
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analysis.  For  moat  problems,  50Z  or  more  of  the  modes  are  dlt-arded  because 
they  are  Inaccurate. 
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APPENDIX 

PROCRAM  SUMMARIES 


ARAB  [ 25) 

Date:  Original  version  1962;  latest  version  1969 

Capability:  Solves  for  interaction  betvaen  structure  and  fluid  and  for  the 

sound  pressure  In  fluid  at  a single  drive  frequency 
Method:  Numerical  evaluation  of  Helmholtz  Integral  ualng  triangular  surfaces, 

of  Initially  unknown  source  atrength,  radiating  Into  fluid  at  Interface 
[14] 

Input:  Material  and  fluid  properties.  Fln'te  element  data  for  structure 

Output:  Far-fleld  sound  pressures.  Forces  and  velocltlea  at  fluid-structure 

Interface 
Language:  FORTRAN 

Hardware:  UNIVAC  1106  (31,000) 

Usage:  To  predict  sound  radiation  from  an  arbitrary  elastic  body 

Developer:  Dr.  L.  H.  Chen  and  associates 

General  Dynamlch/Electrlc  Boat 
Groton,  Ct.  06340 
Availability:  Cv.itact  developer. 


ASKA  IT  [21] 


Date:  1974 

Capability:  Static  and  dynastic,  linear,  flnlte-al ament  analyala.  Undamped, 

proportionally  and  non, Proportionally  damped  systema 
Method:  Undamped  syatema  by  a Householder  reduction  followed  by  the  QR-algo- 

lthm  or  the  bisection  method 

Input:  Nodal  point  coordinates,  loads,  prescribed  displacements,  element 

properties,  matsrlal  properties 

Output:  Stresses,  forces,  displacements,  eigenvalues  and  eigenvectors 

Language:  FORTRAN  XV 

Hardware:  UNIVAC  1108,  CDC  6600,  IBM  360/370  (512  kbytes  core;  10,000,000 

word  direct  access  backing) 

Usage:  Linear,  elastic  structures 

Developer:  Prof  J.  H.  Argyrls  and  associates 

University  of  Stuttgart 
7 Stuttgart  80 
Pfaffenwaldrlng  27,  Germany 
Availability:  From  developer 

Other  Consent:  Also  called  DYNAN 


ATLAS  [24] 


Date:  February  1973 

Capability:  Static  and  dynamic  analysis  of  large,  complex  structures 

Input:  Nodal,  mass,  payload,  fuel,  boundary,  panel,  material,  and  load  data 
Output:  Raal  eigenvalues  and  eigenvectors,  stresses,  deflections,  forces 

Language : FORTRAN  (50,000-125,000  octal) 

Hardvare : CDC  6600 

Usage:  Being  used  for  air  vehicles  and  other  linear,  elastic  structures 
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Developer:  ATLAS  Task  Force 

The  Boeing  Company 
Comeerclal  Airplane  Division 
Renton,  Wa.  98055 

Availability:  Limited  availability  thru  1976,  then  generally  available 

Mr.  Ralph  E.  Miller,  Jr. 

The  Boeing  Company 
Commercial  Airplane  Division 
Renton,  Wa.  98055 


NASTRAN  [9] 

Date:  Completed  in  1968;  revised  version  1972 

Capability:  Static  and  dynamic  structural  analysis  by  the  finite  element 

approach.  Buckling  analysis.  Compressible  fluids  In  tanks  and  cavities. 
Heat  transfer  analysis 

Method:  Direct  solution  of  dynamic  equations  and  modal  methods  for  structural 

dynamics  problems. 

Input;  Material  properties,  initial  and  boundary  conditions,  finite  element 
coordinates 

Output,  Dynamic  Analysis:  Normal  modes  and  frequencies,  complex  eigenvalues, 

random  response,  transient  response 

Hardware:  IBM  360/370,  UNIVAC  1108,  CDC  6000  series 

Usage:  Broad  range  of  application 

Developer:  NASA,  Coddard  Space  Flight  Center  (Management  Supervision) 

Computer  Sciences  Corporation 
Baltimore  Division  of  Martin-Marietta 
The  MacNeal-Scbwendler  Corporation 

Availability:  COSMIC  (Computer  Software  Management  and  Information  Center) 

University  of  Georgia 
Athens,  Ga.  30601 


SAP  IV  [19] 


Date:  June  1973 

Capability:  Static  and  dynamic  analysis  of  linear  structural  systems.  Pro- 

portional damping 

Method:  Natural  frequencies  by  a determinant  search  technique  or  a subspace 

Iteration  solution.  Direct  Integration  by  Wilson  9-Method 
Input:  Material  properties,  element  data,  loads,  concentrated  mass  data. 

Output:  Frequencies  and  mode  shapes.  Displacements,  forces  and  stresses 

Language : FORTRAN  IV 

Hardware;  CDC  6600,  6600,  and  7600 

Usage:  Determination  of  mode  shapes  and  natural  frequencies.  Dynamic  response 

by  mode  superposition  for  time  dependent  loads,  response  spectrum  analysis, 
and  timewise  response  using  step-by-etep  direct  Integration. 

Developer:  Klaus-Jiirgen  Bathe,  Edward  L.  Wilson  and  Fred  E.  Peterson 
Earthquake  Engineering  Research  Center 
University  of  California 
Berkeley,  Ca.,  96720 
Availability:  NISEE 

University  of  California 
Berkeley,  Ca.  96720 
Attn:  K.  Wong 


SLADE  D [18] 


Date: 


January  1973 
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Capability:  Dynanlc  Analyaia  of  Thin  Shelia 

Hethod:  Double  curved  quadrilateral  element.  Timewise  Integration  using 

explicit  difference  scheme,  Kirchoft  shell  theory 
Input:  Material  properties,  nodal  coordinates,  Initial  conditions,  boundary 

conditions,  surface  loads 

Output:  Displacements,  velocities,  stresses,  and  stress  resultants  versuo 

time 

language:  FORTRAN 

Hardware:  CDC  6600  (49,000  words) 

Usage:  For  dynamic  analysis  of  shells  having  up  to  five  different  layers 

Developer:  Samuel  W.  Key 

Zelma  E.  Belslnger 
Sandia  Laboratories 
Albuquerque,  N.M.  87115 
Availability:  Dr.  Margaret  K.  Butler 

Argonne  Code  Center 
9700  S.  Cass  Avenue 
Argonne,  XI.  60439 

Other  Comment:  Example  problems  presented  in  (18] 


SNAP 


t 

t 

i. 


I 

j 

r 


Date:  1972  User's  Manual 

Capability:  Undamped  modes  and  frequencies  of  large  highly  Interconnected, 

finite  element  networks 
Method:  Generalization  of  Stodola's  method 

Input:  Material  Properties.  Finite  element  data 

Output:  Natural  frequencies  and  mode  shapes 

Language:  FORTRAN 

Hardware:  CDC  6600  (32,000-60,000)  UNIVAC  1108 

Usage:  Modal  analysis  of  elastic  structures 

Developer;  Lockheed-Huntsvllle  Research  6 Engineering  Center 
P.0.  Box  1103 
Huntsville,  Al.  35807 
Availability:  H.  D.  Whetstone 

Lockheed  Mlssle  & Space  Center 
Palo  Alto,  Ca.  94300 
Other  Comment:  Spar  is  newer  version 


STRUDL  II  (15,  16] 

Date:  Initial  Release,  1967;  Dynamics  option  (DYNAL),  1974. 

Capability:  Static  and  dynamic  analysis  of  structures 

Method:  Finite  element.  Householder  and  Jacobi  methods  for  eigenvalues 

Input:  Material  and  structural  properties.  Timewise  loading.  Shock  spectrum 

Output:  Mode  shapes,  natural  frequencies.  Displacements,  shears,  and  moments 

versus  tine. 

Language:  FORTRAN,  ASSEMBLER 

Hardware:  IBM  360/370  (60,000  words) 

Usage:  Dynamic  analysis  of  trusses,  frames,  and  structures  made  up  of  two- 

dimensional  membrane  and  bending  elements  snd  three-dimensional  elements 
Developers:  Massachusetts  Institute  of  Technology 
ECI  Systems,  Inc. 

1050  Massachusetts  Avsnue 
Cambridge,  Ma.  02138 
McDonnell  Douglas  Automstlon  Co, 

St.  Louis,  Mo.  63100 

Availability:  McDonnell  Douglas  Automotion  Company 
F.O.  Box  516 
St.  Louis,  Mo.  63100 
Attn:  Product  Marketing 
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Other  Comment!):  Stresses  compared  with  codes:  AISC,  AIJS  (Japan),  API,  and 

CSAS  16  (Canadian) 


YFA4  [13,  26] 


Date:  March  1971 

Capability:  Calculation  of  added  mass  and  damping  coefficients  of  rigid 

cylinders  oscillating  in  or  below  a free  surface 
Method:  Integral-equation  method 

Input:  Frequencies  at  which  values  are  to  be  calculated,  depth  of  submergence, 

coordinates  of  cross-section 

Output:  Pressures  in  phase  with  velocity  and  accelerations 

Language:  FORTRAN  IV 

Hardware:  IBM  7090 

Usage:  For  ship  cross-sections 

Developer:  J.  W.  Bedel,  C.  M.  Lee,  [U.  Frank,  original  program] 

Naval  Ship  Research  and  Development  Center 
Washington,  D.C.  20034 
Availability:  Program  is  given  in  [26] 
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SUBJECT  INDEX  OF  SHOCK  AND  VIBRATION  COMPUTER  PROGRAMS 


See  Alphabetical  Index  for  page  numbers  of  these  listings 


Aircraft  Nolae  Prediction 
BBN  program 
Boeing  program 
Lockheed  program 
McDonnell-Douglas  program 
NASA  Langley  Interim  Program 
NEF 

Wyle  program 

Beama 

A-1437 

Aerojet-General  Corp.  program 

AX  BEAM 

BEAMRESPONSE 

COSMIC  program  no.  NUC-10091 

DANAXXO 

DANAXX4 

DEPROSS1 

DYNLAR 

Program  by  Eka,  U.  J.  U. 
FAMSUB 

Program  by  Frazure , B. 

CBRP 

G0LD1 

ISO-DAMAGE 

NASA,  Goddard  program 

NOMOD 

NUBWAM 

OBSV 

OMEGA2 

Rotating,  Twlated  Beam 

SPIN 

TIMOSH 

Body  Motion,  Craah 
CAL  3D 
HSRI3D 
MODROS 
MVMA2D 
PROMETHEUS 
SOM-LA 
TTI 
UCIN 

Bond  Graph  Method 
ENPORT 
SPICE 


Cable  Syatema 
ANSYS 


Program  by  Arnaton,  J.  K. 
ASKA 


! 
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Atkina  Reaearch  1 Development  program 
Program  by  Crlet,  S.  A. 

Program  by  Dominquez,  R.  F. 

Program  by  Hong,  S.  T. 

Program  by  Kerney,  K.  P. 

Program  by  Knudaen,  H.  C. 

Progran  by  Leonard,  J.  W. 

Lockheed  Electronics  Co.  program 
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Program  by  Shor,  S. 
Program  by  Utku,  S. 

Craah  Simulation 
ACTION 
ANSYS 

BARRIER  VII 

DYCAST 

KVOSM 

■CRASH 

LAND IT 

MARC 

WHAM 

Damping  Capabllltiea 
ANSYS 
ASKA 
ASTRE 
DAMP 
KSHEL 
MARC 
M1.N1ELAS 
NAS  TRAN 
SAMIS 
SAP  IV 
STARDYNE 
STRUDL 

Dynamic  Stability 
ANSYS 
DYNAPLAS 
DYNASOR 

Program  by  Stephens, 

Program  by  Huang 

IMAN 

JET3 

MARC 

NONLIN2 

PETROS 3 

REPSIL 

SABOR/DRASTIC6 

SATANS 

SHORE 

SMERSH 

STAGS 

TROCS 

UNIVALVE 

WHAM 


Eigenvalue  Extraction 
ALLMAT 
ANSYS 
BALOR 
BANEIG 
B1GMAT 

BOSOR4-EBAND2 

CXLNESM 

CXQDESM 

CXVEC 

DAMP 


W. 


and  Fulton,  R. 
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Eigenvalue  Extraction  (cont.) 
DAMUS 
DANUTA 
DYNA 
DYNSHOR 
EASI 
EIG4 
EIG5 
EIGEN 
E1GIT3 
EQZVEF 
EAMSOR 
EARSS 
JACB 
KSHEL 
MLEW 
MODES 
NROOT 
PLFREQ 
QMES 
REDUCB1 
RLVEL 
SAMIS 
SECANT 
SESI 
SPIN 
SRA101 
SRA201 
SRA300 
SSPACE 
STAGSB 
STARDYNE 
STRUDL  DYNAL 
STURM 
SUBCHEB 
SUNFRE 
SUPFLUT 
VALOR 

VARAH  1 and  2 


Fluid  Structure  Interaction 
Acouatlc  normal  nodes  programs 
ARAB 

ARRAY  ANALYSIS 

BOSOR4 

CHIEF 

EADHI 

EATSW 

FIST 

FLLASR 

FLSSI 

GE  Acouatlc  analysis  of  arrays  pro- 
tean 
GERAD2 
HTWHIP 
MARTSAM  IV 
MASD 
NASTRAN 

HUC  Analysis  of  Cylinder  Trsnsducsrs 
prograa 

OHR  Acoustic  radiation  of  slsstlc 
sheila  prograa 
SI34 


SNAAP 

Sound  Radiation  fron  a Vibrating 
Surface 
STOCY 
U9S0R 
XWAVE 
32Q 

Fracture  and  Fragmentation 

esq 

HELP 

HEMP 

PUFF 

RIP 

TENSOR 

TOODY 

WONDY 

Fraae  Structures 
Cosmic  Prograa  No.  NUC23S 
Cosale  Program  No.  NUC658C 
DAGS 
DAGSINE 
DAGSMIC 
DAGTRAN 
DALFI 
DANE  I 
DDAM 
DRAIN  2D 
DYNAMIC 
DYNATIER 
FMA 
FRAME 

INELASTIER 

PFVIBAT 

SMIS74 

SOILTIER 

STRU-PAK 

Program  by  Hang,  C.  K. 


General  Purpose  Programs 
ANSYS 
ASKA 
COSA 
MARC 
MINIELAS 
NASTRAN 
NISA 
SAP  IV 
SEAS  AM-69 
STARDYNE 
STRUDL 

STRUDL  DYNAL 
Grillages 
BEAMRESPONSE 
Prograa  by  Chan,  F.  S. 
Prograa  by  Greenepon,  J. 
GRIDS AP 

LARGE  BAR  STRUCTURE  PROGRAM 

PANAL 

PLTVEB 

RECTANGULARPLATE 

RESI 

HDGVIB 


SUBJECT  INDEX 


655 


Highway  Nolle 
MICHIGAN/ 144 
MICNOISE  10 
NCHRP 
TSC 


LOBOND 

SLOSHS 


Inertia  Matrix  Capabilities 
ARAB 
ASA S 
ASEF 
ASKA  II 
ATLAS 
MARC 
NASTRAN 
PAFEC70 
SAP  IV 
SESAM69C 
SLADE  D 
SNAP 
SPADAS 
STARDYNE 
STRUDL 
YFA4 


Kinematic  and  Dynamic  Design  of 
Mechanisms 
ANALYNK 


CAHPAC 

COIWEND  I 

DKINAL 

DRAM 

DRPL 

DYAD 

DYSIN 

FIVEPOS 

FORCE 

GEAR 

IMP 

KIDYAN 

KINAL 

KINE 

KIKEMAT 

KINSYN 

LSD 

MARKUS 

MECHSYN 

MECH  3D 

MEDBS 

MEDUSA 

RAP 

SKETCH  PAD 
SYNTH 
TOAD 
VECNET 


Limiting  Performance 
COS  I 
PERFORM 
SYSLIPEC 

Liquid  Propellant  Dynamics 
LAWS 
LHMAC2 


Mechanical  and  Thermal  Shock 
DDAM 
FUGITI 
ISIP 

NP 0-10528 

OPSHK 

FSEQGN 

SHOCK 

SHOCK  3 

SHOCSPEC 

SHS 

SPECANAL 

SPECEQ/SPECVQ 

SPECTR 

STEP 

TDYNE 

VI BAN A 

WAVSYN/MWAVSYN 

XTABS 

Multidegree  of  Freedom  Mechanical 
Systems 
CSMP 
NET-2 

S UP  ER*SCEPTRE 
STRAP 

Multiple  Energy  Domain  Systems 
ENPORT 
SPICE 


Nonlinear  Analysis  Description  and 
Numerical  Stability 
AFTON 
ANSYS 
CRAM 
CYBERNET 
DYNAPLAS 
DTP  LAS 
HEMP 
HONDO 
MARC 
NONSAP 
PETROS 
PISCES 
REPSIL 
REXCO 

SABOt/DRASTIC  6A 

SAMMSOR/ DYNAPLAS 

SATANS 

SHORE 

STAGS 

STARS 

TOODY 

WHAM 

Nonlinear  Tranalent  Response  of  Solids 
AFTON 
CHART  D 

esq 

DORF 

HELP 


vj-S  ■ 
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Nonlinear  Response  (cone.) 
HEMP 
HEMP  3D 
PISCES 
PUFF  IV 
RIP 
SMITE 
SOC 

TENSOR 

TOODY 

TRIOIL 

VONDY 


Offshore  Structures 

Clemson  University  program 
DeLong  Corp.  program 
DISMAR/CARGON 

Esso  Production  Research  program 
ETA/PIPLAY 

J.  J.  Henty  Co.  program 

LAUNCH 

MARCS 

Mobile  Offshore  Units 

MOSHS 

NUN 

Ocean  Oil  International  Engineering 
program 
OPUS 

Riser  Dynamics 
Shell  Oil  Co. 

WAVE-LOAD 

WAVE-SAP 

WA VMAS / SPACE  III 

Optimum  Design  of  Dynamic  Mechanical 
Systems 
ADAMS 
CONMIN 
FLETCH 
HOOK 

IOWA  CADET 

Program  by  Pochtman,  Y.  M. 

POWELL 

Program  by  Selreg,  A. 

SOAR 

WIDOWAC 

Piping  Systems 
ADLPIPE 
ANSYS 
MARC 
NAS TRAN 
NUPIPE 
PXPDYN 
PIPESD 
PIPERUP 
SACS/DAGS 
SAP  IV 
STARDYNE 

( WE CAN 

Random  Vibrations 
BOXVIB 
CYLRES 


DARC 

ELAS 

MSF  362870 

NASA-AMES 

NASTRAN 

PLCRP 

PLRSEP 

PURDUE 

RANDOM 

RANVIB 

RSPC 

STARDYNE 

WDCVIB 

Rotating  Machinery 

Flexible  Rotor  Dynamics  Analysis 
BEST  I 
CADENSE-21 
CADENSE-25 
CRITSPEED 
CRITSPD 
CSPRJT 
DAMPEDROTOR 

Program  by  Glberson,  M. 

LAV  IB 

MFIN4 

ROTDYN 

SHAFT 

SPIN 

Synchronous  Vibratory  Response 
Program 

Transient  Nonsynchronous  Rotor 
Response  Program 
TRANSIENTSHAFT 
Fluid-Film  Bearings 
BRGCML2 
CADENSE-30 
CADENSE-31 
CADENSE-32 
CADENSE-36 
CADENSE-38 
FJB1EMI 
INCYL 
ITURB 
JBRGCOF 

Journal  Bearing 

UBFEM 

STABIL 

TPJB 

Torsional  Vibrations 
CADENSE-22 
CADENSE-23 
TASS 
TORLONG 
TORVIB 
TWIST 

Seismic  Analyses 
ANSYS 
DYNAL 

Earthquake  data  program 

FARSS 

KSHEL 


SUUtn  INDEX 
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Seismic  Analyses  (cont.) 
NASTRAN 
QUAD-4 
SABOR 
SAP  IV 
SHAKE 
SIM 

SIMEAR 

SLABS 

SLAM 

SPECEQ/SPECUQ 
SPECTR 
STARDYNE 
Shell  Analysis 
ANSYS 
ASTRA 
BOSOR4 
KSHEL 
MINIELAS 
NASTRAN 
NONSAP 
REPSIL 
SATANS 
SHORE 
SLADE  D 
SOR  family 
DYNAPLAS 
FAMSOR 
SAMMSOR 
SNASOR 
STAGS 
STARDYNE 
STARS 

Spacecraft  Structures 
FSD 
LPARL 
MMCP 
SSAPG 
SPAR 
UFSSP 
WE  CP 

Teat  Data  Processing 
Software 
BMD 
DYVAN 
MAC/RAN 
MR  WISARD 
RAVAN 

Software/Hardware 

CSPI 

Hewlett-Packard 

Time/Data 


S.iFE-NCREER 
TESS 
THV1SC 
VISCEL 
VISC0-3D 
V1SC0SUPERB 
Torsional  Systems 
CADENSE-22 
CADENSE-23 
CADENSE-24 

Cosmic  Program  No.  MFS-2485 
GBRP 

Rotating!  twiated  beam  program 

SHAFTRAN 

TABU 

TAGS 

TOFA 

TWIST 

Transfer  Functions 
CSMP  ill 
NET-2 

SUPERsSCEPTRE 

SYNAP 

Transient  Vibrations 
CADENSE-24 
GBRP 

Vehicle  Simulation 

ADS3  , , 

Cornell  General  Vehicle  Model 
program 

HSRI  Commercial  Vehicle  Model 
program 

HSRI  Pasalnger  Car  Simulation 
program 

HVOSM  , . 

NHTSA/APL  Hybrid  Computer  Simulation 

program 

Systems  Technology  model  program 
University  of  Tennessee  passenger 
car  simulation 


l 


Hardware 

Honeywel 1/Saicor 
Nlcolet  Scientific  Corp. 
Spectral  Dynamics  Corp. 
Time  Dependent  Materials 
CARS 
CRASH-1 
PITT 

SAFF.-CREER 

SAFE-CRAPIT 
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ACI  112 

Acoustic  normal  node*  program  447 

ACTION  76,  80 

ADAM  164 

ADAMS  227 

ADLPIPE  287-290 

Aarojat-Caneral  Corporation,  bean 
program  260,  266-270 
AFTON  164,  170,  172,  309,  556 
AISC  112 
ALLMAT  583 
ANALYNK  338 

Analysis  of  Cylinder  Transducer!  445 
ANEOS  157 

ANST8  75,  76.  79,  186,  287-290,  309, 
314-321,  351,  359,  361,  519,  530,  552- 
554,  557,  561,  582,  619 
APEX  323 
API  112 

ARAB  444,  641,  643.  646 

Arnaton,  J.  K. , cable  program  100 

ARRAY  ANALYSIS  442 

ASAS  643 

ASEF  643 

ASXA  II  98,  531,  619,  640,  643,  646 
ASTRA  519 
ASTRE  620 

Atkins  Research  and  Development  cable 
program  98 
ATLAS  640,  643,  646 
AVDS3  88 
AMS  112 
AX  BEAM  263 
A-1437  264 

BALOR  596 
BANEIG  583 

BARRIER  VII  77,  82,  86 

BBN  program  501,  504 

BEAMRESPONSE  255,  266-270,  335 

BEST  I 467 

BIGMAT  583 

BMD  382,  393,  394 

Boeing  program  502,  504 

B0S0R  444,  520 

B0S0R4-EBAMD2  586,  587)5 

BOXVIB  250 

BRCCML  2 494 


CADEMSE-21 

464 

CADENSE-22 

49,  471 

CADENSE-23 

50,  475 

CADENSE-24 

50,52 

CADENSE-25 

463 

CADENSE-30 

490 

CADENSE-31 

490 

CADENSE-32 

491 

CADENSE-36 

491 

CADENSE-38 

492 

CAL  3D  365 

. 367,  3 

CAMPAC  338 
CARB  186 

CHART-D  162,  170,  171 

Chen,  F.  S.,  grillage  program  335 

CHIEF  446 

demon  University  offshore  structures 
program  1 28 
COMMEND  I 338 
COMSTAIRS  309,  315-321 
CONMIN  227 

Cornell  University  general  vehicle 
model  program  89 
COSA  531 
COSI  323-328 

COSMIC  Program  No.  MFS-2485  torsion- 
al program  51 

COSMIC  Program  No.  NUC  253  frame 
structures  program  142 
COSMIC  Program  No.  NUC  658C  frame 
structures  program  142 
COSMIC  Program  No.  NUC-10091  bean 
program  261,  266-270 
CRAM  163,  556 
CRASH-1  186 

Crist,  S.  A.,  cable  program  100 

CRITSPD  446,  468 

CRITSPEED  470 

CSMP  13.  35-42,  44,  49 

CSPI  382,  397-399 

CSPRJT  470 

Cssl  49 

CSQ  164,170,171,565,577 

CXLNESM  584 

CXQDESM  584 

CXVEC  596 

CYBERNET  556 

CYLRES  250 

DAGS  138,  146-150 
DAGSINE  138 
DACSMIC  138 
DAGTRAN  138 
DALFI  139,  146-150 
DAMP  584 , 620 
DAMFEDROTOR  466 
DAMUS  585 
DAXAXXO  259 
DAMAXX4  258,  266-270 
DANFI  139,  146-150 
DANUTA  565 
DARC  249 
DB0ND  49,  52 
DDAM  143,  240,  241 
De  Long  Corporation  offshore  struc- 
tures program  127 
DEFROSSI  261,  266-270 
DISMAR/CAKGON  125 
DKINAL  339 
DNAF  445 

Domlnques,  R.  F.,  cable  program  100 
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DORF  164,  170,  171 

DRAIN  2D  140,  146-150 

DRAM  339 

DRIPS  298 

DRPL  339 

DYAD  340 

DYCAST  75,  76,  79 
DYNA  595 

DYNAMIC  140,  146-150 
DYNAPLAS/DYNASOR/SAMMSOR  302,  307-310, 
314-321,  523,  549,  551,  554,  557,  562 
DYNASHOR  597 
DYNASOR  see  DYNAPLAS 
DYNATIER  137,  146-150 
DYNLAR  263,  266-270 
DYNS  309 

DYPLAS  554,  557,  561 
DYSIN  340 

DYVAN  382,  391,  392 
EADHI  441 

Earthquake  data  program  351,  360 

EASI  585,  586 

EATSW  441 

EIG4.5  597 

EIGEN  589 

EICIT3  587 

Eka,  U.  J.  U.,  beam  program  262 
ELAS  248 

ENPORT  5-7,  49,  52 
EPIC  165 
EQZVEF  587 

Easo  Production  Research  offshore 
structures  program  125 
ETA/PIPLAY  126 


GRIDSAP  332 

HELP  160,  170,  171,  574,  577 
HEMP  165,  170,  172,  553,  555,  556, 

561,  574,  577 
HEMP  3D  163,  170,  171 
Henry  Company  offshore  structures 
program  127 

Hewlett-Packard  Fourier  Analyzer  System 
382,  396,  397 

HONDO  309,  545,  553,  555,  561 
HONEYWELL/SAICOR  382,  402,  403 
Hong,  S.  T.,  cable  program  100 
HOOK  228 

HSRI  Conraerlclal  Vehicle  Simulation  88 
HSRI  2D  370,  371,  374,  376,  377,  379 
HSRI  3D  370,  372,  375,  376,  377 
HSRI  3DE  366-368,  370,  372,  375-377 
HTVHIP  449 

Huang,  dynamic  stability  302 
HVOSM  76,  81,  85,  86 

1MAN  310 
IMP  341 
INCYL  485 

INELASTIER  136,  146-150 
I0UA  CADET  228 
ISIP  240,  241 
ISO-DAMAGE  263 
ITURB  489 

JACB  598 
JBRGC0F  493 
JETS  309 

Journal  Bearing  Program  493 


FAMSOR  587 

FAMSUB  360,  266-270 

FARSS  359,  362,  363,  588 

FESAP  298 

FFLASH  449 

FIST  442,  443 

FIVEPOS  340 

FJBFEMI  494 

FLAP  117 

FLETCH  228 

FLSSI  449 

FMA  143,  146-150 

FORCE  340 

FRAME  141,  146-150 

Frazure,  B.,  beam  program  265 

FSD  56-58 

FUGITI  240,  241 

GBRP  48,  257,  266-270 
GEAR  341 

GE,  Accouatlc  Analysis  of  Arrays  44( 

GERAD2  447 

G0LD1  262,  266-270 

GRAY  157 

Greenspon,  J.  E. , impulsive  response 


Kerney,  K.  P.,  cable  program  100 

KIDYAN  341 

KINAL  342 

KINE  342 

KINEMAT  342 

KINSYN  342,  343 

Knudaen,  W.  C. , cable  program  99 
KRASH  76,  81 

KSHEL  359,  362,  520,  588,  620 

LAMPS  220 
LANDIT  76,  80 

Large  Bar  Structure  Program  333 
LAUNCH  117,  126 
LAVIB  468 

Leonard,  J,  W.,  cable  program  99 
LHMAC  2 221 
UBFEM  493 
LOBOND  218 

Lockheed  Electronics  Cotq>any  cable 
program  98 

Lockheed  program  502,  504 
LPARL  58-60 
LSD  343 


MAC/RAN  362,  388-390 


■ aSis 


i»sL 

i SMSl  3 


program  333 
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MAGEE  163 
MAGIC  298 

MARC  75,  79,  186,  387-289,  291,  309, 
310,  314-321,  520,  531,  545,  549, 
551-554,  557,  561,  588,  589,  620, 
643 

MARCS  109,  117,  124 
MARKUS  343 
MARTSAM  IV  445 
MASD  449 
MBDYADSP  61 
MBDYFL  63 
MBDYFN  63 
MBDYFR  62 
MBDYL  62 
MBDYM  62 
MBDYPL  62 
MBDYTL  62 

McDonnell-Douglas  program  502,  504 

MECH  3D  344 

MECHSYN  344 

MEDES  344 

MEDUSA  344 

MFIN4  467 

MICHIGAH/144  189,  197,  204,  206,  211 
MICNOISE  10  189,  197,  204,  207,  211 

MINIELAS  521,  620 
MLEW  598 
MMCP  60,  61 

Mobile  Offshore  Units  offshore  struc- 
tures program  125 
MODES  589 

MODROS  367,  370,  371,  374,  376,  377 
Morris,  N.  F. , cable  program  99 
MOSAS  125 

MR  WISARD  382,  390,  391 
MSF  362870  251 
MVM2D  366,  367 

MVMA2D  367,  370,  371,  374,  376,  377, 
379 


NROOT  589 

NUBWAM  256,  266-270 
NUPIPE  292 

OBSV  258,  266-270 
Ocean  Oil  International  Engineering 
offshore  structures  program  127 
OIL  164,  165 
OMEGA2  263 

ONR  Acoustic  Radiation  of  Elastic 
Shells  Program  444 
OPSHK  240,  241 
OPTIMA  323 
OPUS  117,  126 

PAFEC  70  643 
PANAL  334 
PERFORM  323-328 

PETROS  309,  310,  314,  549,  551,  554, 
558,  561 

PFVIBAT  138,  146-150 
PIPDYN  287-289,  292 
PIPERUP  293 
PIPESD  287-289,  294 
PISCES  1DL  162,  163,  170,  171,  309, 
553,  556,  561 
PITT  186 
PLFREQ  596 
PLGRP  250 
PLRSEP  250 
PLTVEB  334 

Pochtman,  Y,  M. , optimum  design  program 
232 

POWELL  228 

PROMETHEUS  365-367,  370,  371,  375, 

376,  377 

PSEQGN  242,  243 
PUFF  157,  163,  170,  171 
Purdue  University  random  vibration 
program  248 


NASA-AMES  250 

NASA  Goddard  beam  program  262 
NASA  Langley  acoustics  program  504 
NASTRAN  46,  48,  64,  65,  68,  98,  215, 
287-289,  291,  351,  359,  361,  438,  440, 
442-445,  448,  519,  521,  532,  620,  635, 
643  , 647 

NCHRP  189,  195,  197,  204,  208,  211 
NEF  SOI 

NET-2  13,  25-30,  42-44 
NHTSA/APL  Hybrid  Computer  Simulation  87 
Nlcolet  Scientific  Corporation  Omnlfer- 
ous  Analyser  System  382,  399,  400 
NISA  532 
NUN  126 
NOAA  99 

NONOD  259,  266-270 
M0MLIN2  309,  310,  314-321 
NONSAP  309,  521,  545,  546,  555,  561, 
589,  591 

NPO- 10528  242,  243 


QMES  585,  590 
QUAD-4  351,  360 
32Q  448 

RANDOM  249 
RANVIB  249 
RAF  345 

RAVAN  382,  392,  393 
RAVE  163 

RECTANGULARPLATE  335 
REDUCB1  590 

REPSIL  307-310,  314,  521,  558 
RESI  333 
REXCO  556 
RICSHAW  152 

RIP  163,  170,  171,  574,  577 
Riser  Dynamics  offshore  structures 
program  126 
RLVEL  598 
ROS  370 

Rotating,  Twisted  Beam  Program  51,  265 
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ROTDYN  462 
RPM  164 
RSPC  249 

SA»0R  359,  362 

SA.*)OR/ DRAST IC6  309,  310,  314-321,  554, 
557,  561 
SAFE-CREER  185 
SAFE-CRAFIT  185 
SAFE-NCREER  185 
SACS/DAGS  287-289,  294 
SAMIS  68,  442,  445,  590 
SAMMSOR/DYNAPLAS  see  DYNAPLAS 
SAP  109,  117,  589 

SAP  IV  186,  287-289,  294,  359,  533, 
620,  639,  643,  647 
SAP4C4  299 

SATANS  302,  307-310,  314-321,  522, 

548,  554,  557,  562 
SATE  119 
SECANT  591 

Selreg,  A.,  optimum  design  program 
229-231 

SESAM-69  533,  543 
SESI  591 
SHAFT  469 
SHAFTRAN  48,  49 
SHAKE  352,  361 
SHAPE  165 

Shell  Oil  Company,  offshore  structures 
program  128 
SHEP  163,  165 
SHEZAM  164 
SHOCK  240-243 
SHOCSPEC  243,  244 

SHORE  307-310,  314-321,  522,  548,  554 
557,  562 

Shore,  S.,  cable  program  99 

SHS  240,  241 

SIM  359,  362,  363 

SIMEAR  351,  360 

SI  34  443 

SKETCHPAD  345 

SLABS  352,  362 

SLADE  0 516,  522,  636,  643,  647 

SLAM  351,  359,  360,  363 

SL0SH5  215 

SMERSH  307-310,  314 

SMIS74  135,  146-150 

SMITE  164,  170,  172 

3NAAP  444 

SNAP  640,  642  , 643  , 646 
SOAR  231 

SOC  162,  170,  171 

SOILTIER  136,  146-150 

SOMLA  365,  367,  368,  370,  373,  375, 

376,  378 

SOR  FAMILY:  SAMtSOR,  5NASOR,  FAMSOR, 

DYNAPLAS  see  DYNAPLAS 
Sound  Radiation  from  Vibrating  Surface 

Program  448 


SPADAS  643 
SPAR  65 

SPECANAL  243,  244 
SPECEQ/SPECVQ  243,  244,  350,  360 
SPECTR  243,  244,  350,  360 
Spectral  Dynamics  Corporation 
Digital  Signal  Processor  382, 

400-402 
SPICE  5 7 

SPIN  255,  266-270,  471,  585,  591 

SRA101  592 

SRA201  592 

SRA300  593 

SSAFG  64 

SSPACE  592,  594 

STABIL  495 

STAGS  309,  310,  314-320,  523,  554, 

558,  562,  595 

STARDYNE  109,  117,  248,  287-289,  295, 
359,  361,  523,  533,  593,  621,  616 
STARS  523,  557 
STEP  243,  244 

Stephens  and  Fulton,  dynamic  stability 
program  302 
STOCY  449 

STRUDL  98.  109,  117,  299,  359,  520, 
534,  621,  634,  643,  648 
STRUDL  DYNAL  534,  586 
STRU-PAK  141,  146-150 
STURM  585,  593 
SUBCHEB  594 

SUPER«SCEPTRE  13-21,  24,  25,  42-44 
SUPFLUT  585,  594 

Swanson  Analysis  Systems,  cable  program 
99 

SWAP  152 

SYNAP  13,  30-35,  42-44 
SYNTH  345 
SYSLIPEC  323-328 

System  Technology  model  program  89 

TABU  51 
TAGS  50 
TASS  476 
TDYNE  240,  242 
TEDDY  163 

TENSOR  163,  165,  170,  171,  565 
TESS  186 
TKVISC  183 

Tima/Data  Tima  Series  Analysis  Program 
382,  394-396 
TIMOSH  259,  266-270 
TIMC  160 
TOAD  345 
TOFA  51 

TOODY  163,  170,  171,  309,  553-557, 

562,  565,  577 
TORLONG  476 
TORVIB  475 
TOTEM  165 
TFJB  488 
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TRANSIENTSHAFT  469 
TRIOIL  165,  170,  172 
TROCS  309,  310 
TSC  189,  195,  204,  207,  211 
TTI  367,  370,  372,  375,  376,  378,  380 
Turbo  Research  Transient  Rotor  Program 
465 

Turbo  Research  Synchronous  Rotor  Pro- 
gram 466 
TWIST  52,  477 

UCIN  366-368,  370,  373,  375,  376,  378 
UFSSP  67 

UNIVALVE  309,  310,  314 
University  of  Tennessee  Car  Simulation 
Program  87 
USA  - 1,2  441,  442 
USSOR  449 

Utku,  S.,  cable  program  99 

VALOR  598 
VARAH  595 
VECNET  346 
VIBANA  243,  244 
VISCEL  184 
VISCOSUPERB  186 
VISCO-3D  185 

Wang,  C.  K. , frame  structures  program 
144 

WAVE  162 
WAVE-FORCE  109 
WAVE-LOAD  110,  117,  124 
WAVE-SAP  124 
WAVMAS/SPACE  III  127 
WAVSYN/MWAVSYN  243,  244 
WDCVIB  334 
WECAN  287-289,  295 
WECP  69 
WDCVIB  250,  334 

WHAM  76,  80,  309,  310,  551,  553-555, 
558,  562 
WIDOWAC  232 

W0NDY  162,  163,  170,  171,  574,  577 
Wrlght-Patterson  APB,  optimum  design 
program  231 
Wyle  Program  501,  504 

CTABS  137,  146-150,  240,  242 
XWAVE  443,  447 

YFA4  632,  641,  643,  649 
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